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amounts of both thiphene and benzene at low pressures. It is hypothesized that this is due to Jl-complexation with Cu* and Ag;*. On 
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^ atm and 120 "C. Molecular orbital calcvilations confirmed the relative strengths of n-complexation: tfiiophene>benzene and Ca*> 
Ag*. The experimental heats of adsorption for n-complexation are in qualitative agreement with theorical predictions. The invention 
further comprises a process and sorbents for removal of aromatics from hydrocarbons. 



WO 03/020850 A2 .liliilillliliilllliiilillliillllliin 



European patent (AT. BE, BG, CH, CY, CZ, DE, DK. EE, 
ES, H. FR, GB, GR, IE, FT, LU, MC, NL, PT. SE, SK, 
TR), OAPI patent (BF. B J, CP, CG, a. CM. GA, GN, GQ, 
GW, ML. MlR, NE. SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 



For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and A bbreviations " appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



wo 03/020850 



PCT/US02/28040 



Our Reference: UMJ-116-B (UM-2172) PATENT 
CTjpmvR SO TOENTS FORPTTRIFICATtON OF HYPR QCARPONS 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Patent application 
Serial No. 60/317,158, filed September 4, 2001. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
This invention was made in Ifae course of research partially supported by a 

grant ftom the National Science Foundation (NSF) (Grant No. CTS-9819008 and Grant 

No.CTS-01381 90); and by a grant from the Department of Eneigy (DOE) (Fuel Cell 

Grant No. DE-FC04-02AL67630). The U.S. government has certain rigjits m the 

invention. / 

BACKGROIJND OF THE INVENTION 

The present invention relates generally to processes for purification of 
hydrocarbons, and more particularly to adsorption processes using sorbents selective to 
sulfiir compounds and to aromatic compounds. 

Petroleum is an extremely complex mixture and consists predominantly of 
hydrocarbons, as well as compoimds containing nitrogen, oxygen, and sulfur Most 
petroleums also contain minor amounts of nickel and vanadium. The chemical and 
physical properties of petroleum vary considerably because of the variations in 
composition. 

The ultimate analysis (elemoital composition) of petroleum tends to vary 
over relatively narrow limits - carbon: 83.0 to 87.0 percent; hydrogen: 10.0 to 14.0 
percent; nitrogen: 0.1 to 1.5 percent; oxygen: 0.1 to 1.5 percent; sulfur 0.1 to 5.0 percent; 
metals (nickel plus vanadium): 10 to 500 ppm. 

Crude oils are seldom used as fiiel because they are more valuable when 
reJBned to petroleum products. Distillation separates the crade oil into fractions 
equivalent in boiling range to gasoline, kerosine, gas oil, lubricating oil, and residual. 
Thermal or catalytic cracking is used to convert kerosine, gas oil, or residual to gasoline, 
lower-boiling fractions, and a residual coke. Petrochemical intermediates such as 
efliylene and propylene are primarily produced by the thermal cracking of light 
hydrocarbon feedstocks in the presence of steam. Catalytic reforming, isomerization, 
alltylation, polymerization, hydrogenation, and combinations of these catalytic processes 
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are used to upgrade the various refinery intermediates into improved gasoline stocks or 
distillates. The major finished products are usually blends of a number of stocks, plus 
additives. 

Gasoline is a complex mixture of hydrocarbons that distills within the 
range 100 to 400TF. Commercial gasolines are blends of straight-run, cracked, reformed, 
and natural gasolines. Straight-run gasoline is recovered firom crude petroleum by 
distillation and contains a large proportion of normal hydrocaibons of the paraffin series. 
Cracked gasoliiie is manu&ptured by heating cmde-petroleum distillation fiactions or 
residues under pressure, or by heating with or without pressure in &e presence of a 
cata^st E^vier hydrocarbons are broken into smaller molecules, some ofj^ich distill 
in the gasoline range. Reformed gaispline is made by passing gasoline fractions over 
catat/sts in such a manner that low-octane-number hydrocarbons are molecularly 
rearranged to high-octane-number components. Many of the catalysts use platinum and 
other metals deposited on a silica and/or alumina support Natural gasoline is obtained 
fi-om natural gas by liquefying those constituents which boil in the gasoline range either 
by compression and cooling or by absorption in oil. 

Removal of the sulfiir-containing compounds is an important operation in 
petroleuM refining, md is achieved by catalytic processes at elevated tempieratures and 
pressures. See, Farrauto, R. 1; Bartholomew, C. BL Fundamentals of Industrial Catalytic 
Processes, Chapman and Hall, New York, 1997. The hydrodesulfiirization (HDS) 
process is efficient in removing thiols and sulfides, but much less efiTective for 
heteroQrclic diunsaturated sulfiir compounds, such as thiophenes and fhiophene 
compounds/derivatives (eg. benzothiophene and dibenzothiophene). 

New legislation will require substantial reductions in the sulfiir content of 
transportation fuels. For example, the new U.S. Environmental Protection Agency (EPA) 
sulfur standards require that the sulfur content in gasoline and diesel fiiels for on-board 
transportation will be 30 ppm and 15 ppm, respectively, drastically decreased fi-om the 
current acceptable levels of several hundred ppm. Faced with the severely high costs of 
compliance, a surprising number of refiners are seriously considering reducing or 
eliminating production of on-board fiiels. See Parkinson, G., *T>iesel Desulfiirization 
Puts Refiners in a Quandary," Chemical Engineering^ 2001, February issue, 37. 

During the last decade, there have been several published accounts on 
using adsorption fi^r liquid fuel desulfurization. Commercially available sorbents (i.e., 
zeolites, activated carbon and activated alumina) were used in all of these studies. 
Weitkamp et al reported that thiophene adsorbed more selectively than benzene on ZSM- 
5 zeolite. See Weitkamp, J.; Schwaik, M.; Ernest, S. '^Removal of Thiophene Impurities 



2 



V J 

wo 03/020850 



PCT/OS02/28040 



from Benzene by Selective Adsorption in Zeolite ZSM-5," J. Chenu Soc, Chem. 
Comiwttn., 1991, 1133. Without bemg bound to any theoiy, it is believed that tfiis is 
because thiophene (C4H4S, also known as thiofiiran) has a higher dipole moment (0.55 
debye) than benzene (non-polar), although their polarizabilities are similar. Based on this 
study. King et aL studied selective adsorption of thiophene, methyl- and dimetiiyl- 
thiophenes (all with one ring) over toluene and p-xylene, also using ZSM-5. See King, 
D. L; Faz, C; Flynn, T. "Desulfiirization of Gasoline Feedstocks for Application m Fuel 
Refommgy^'SAE Paper 2000-01-0002y Soa Automotive Engineers, Detroit, 2000. They 
showed that thiophene was more selectively adsorbed, both based on iBxed bed 
bteakthrough experiments. However, the capacities for thiophene were unfortunately 
quite low (only 1 -2% wt adsorbed at 1% Aiophene concentration). Both vapor phase 
and liquid phase breakthrough experiments were done in these studies, and the results . 
from two phases were consistent 

The pore dimensions of ZSM-5 are 5.2-5.6 A. Hence, organic sulfiir 
compoimds with more than one ring will be sterically hindered or excluded. Zeolites 
with larger pores, as well as larger pore volumes, would appear to be more desimble than 
rrZSMrS as Ihe selective sorbents. Indeed, results of Salem and Hamid indicated tihiat 13X 
zeolite as well as activated carbon had much higher sorption capacities for sulfur 
. compounds. See Salem, A. S. H; Hamid, H S. "Removal of Sulfur Compounds from 
Naphtha Solutions Using Solid Adsorbents," Chem. Eng. Tech., 1997, 20, 342. Based on 
the data of Salem and Hamid, Id, the capacity for sulfiir compounds by 13X zeolite was 
approximately an order of magnitude higher than that of ZSM-5, when compared with the 
data of King et al. (cited above) extrapolated to the same conditions. 

Activated alumina (Alcoa Selexsorb) has been used in an adsorption 
process by Irvine. See, for example, U. S. Patent No. 5,730,860 issued to R.L. Irvine in 
1998, entitled Trocess for Desulfiirizing Gasoline and Hydrocarbon Feedstocks.** 

No direct comparison has been made among these commercial sorbents. 
Their experiments were mostly done in fixed bed adsorbers, by measuring tiie 
breakthrough capacities. Based on the literature, the large pore zeolites (NaX or NaY) 
are about the same as activated carbon and alumina, in terms of adsorption of thiophene. 

Essentially all industrial adsorption processes are based on van der Waals 
interactions between the sorbate and the sorbent Chemical bonds have yet to be 
raploited. 

Thus, it would be desirable to provide an adsorption process for 
selectively removing sulfur compounds from liquid fiiels at ambient temperature and 
pressure, thereby advantageously leading to a major advance in petroleum refining. It 
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would further be desirable to provide highly selective sorbents for this process, thereby 
overconiing the drawbacks of current commercial sorbents, which are not desirable for 
fliis q)plication. 

gPMMARY OF THE INVENTION 

The present invention addresses and solves the above-mentioned 
drawbacks, and substantially meets the desiderata and advantages enumerated above, by 
providing a process for removing tiiiophene and thiophene compounds fiom liquid fiiel. 
The nlefhod comprises the step of contacting Ihe liquid fuel with an adsorbent vdiich 
preferentially adsorbs the thiophene and thiophene compounds, at a selected temperature 
and pressure, thereby producing a non-adsorbed component and a thiophene/thiophene 
compound-rich adsorbed component The adsorbent coniprises any ion-exchanged 
zeolite, but in a preferred embodiment, the zeolite is selected from the group consisting of 
zeolite X, zeolite Y, zeolite LSX, and mixtures thereof The zeolite has exchangeable 
cationic sites, and at least some of the sites have d-block transition metal cation present 
The' preferential adsorption occurs by 9c-complexation. 

In a further embodiment the invention comprises a process for removing 
thiophene and thiophene compounds from liquid fuel The method comprises the step of 
coxitacting the liquid fiiel wilfa an adsorbent which preferentially adsorbs the tfiiophene 
and thiophene compounds, at a selected temperature and pressure, Ifa^eby producing a 
non-adsorbed component and a thiophene/thiophene compound-rich adsorbed 
component The adsorbent comprises a carrier having a sur&ce area, the carrier having a 
d-block transition metal compound dispersed on at least some ofthesur&ce area. The 
metal compound releasably retains the thiophenes. The carrier comprises a plurality of 
pores having a pore size greater than the eJBfective molecular diameter of the 
thiophene/thiophene compounds. The method may further comprise the step of changing 
at least one of the pressure and temperature to thereby release the thiophene/thiophene 
compound-rich component fiom the adsorbent 

In a frirther embodiment, the invention comprises a process for selective 
removal of aromatics from hydrocarbons. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Objects, features and advantages of the present invention will become 
apparent by reference to the following detailed description and drawings, in which: 

Fig. 1 is a graph depicting equilibrium isotherms of benzene and thiophene 
on NaY (Si/Al = 2.43) at 120*^0; witii tiie lines being fittings by Langmuir-Freundlich 
isotherm equation; 
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Fig. 2 is a graph depicting equilibrium isothenns on AgY (56 Ag^/unit 
cell) and CuY (14 CuVunit cell) at 120^; 

Fig. 3 is a graph depicting tfaiophene/benzene and thiophene/n-octane 
breakthrough in AgY, NaY zeolite at room temperature; 

Fig. 4 is a graph depicting cumulative pore volumes of sorbents used in 

Experiment C; 

Fig. 5 is a graph depicting pure component equilibrium isolherms of 
benzene and Ihiophene on Na-Y (Si/Al^.43) at 120 ""C and 1 80 X; curves are fitted 
with Dubinin^Astakhov (solid line) and Langmuir-Freundlich (dotted line) isotheims; 

Fig. 6 is a graph depicting pure component equilibrium isotherms of 
benzene and Ihiophene on Ag-Y (Si/Al='2.43) at 120''C and 1 SO^'C; curves are fitted with 
Dubinin-Astakhov (solid line) andLangmuir-Freundlich (dotted line) isothenns; fitted 
curves are not shown for benzene adsorption at 1 80*^0 because the artificial crossovers to 
the curves for thiophene at 1 SO^C are observed; 

Fig. 7 is a graph depicting pure component equilibrium isotherms of 
benzene and thiophene on Cu-Y (Si/AI=2.43) at 9(fC and 120°C; curves are fitted with 
Dubinin-Aslakhov (solid line) andLangmuir-Freundlich (dotted line) isotherms; 

Fig. 8 is a graph depicting pure component equilibrium isothenns of 
thiophene on Ag-X (Si/Al=1.25) and Ag.Y(Si/Al=2.43) at 120°C; 

Fig. 9 is a graph depicting pure component equilibrium isotherms of 
benzene and thiophene on H-USY (Si/Al=195) at PO^'C and no^'C; curves are fitted with 
Dubinin-Astaldiov (solid line) andLangmuir-Freimdlich (dotted line) isotherms; 

Fig. 10 is a graph depicting puie component equilibrium isotherms of 
benzene and tiiiophene on Na-ZSM-S (Si/Al=10) at and HO^'C; curves are fitted 
with Dubinin-Astakhov (solid line) and Langmuir-Freundlich (dotted line) isotherms; 

Fig. 11 is a graph depicting pure component equilibrium isotherms of 
benzene and thiophene on activated carbon (Type PCB) at 90®C and 120°C; curves are 
fitted with Dubinin-Astakhov (solid line) and Langmuir-Freundlich (dotted line) 
isothenns; * 

Fig. 12 is a graph depicting pure component equilibrium isotherms of 
benzene and thiophene on modified activated alumina (Selexsorb CDX) at 90^C and 
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120^C; curves are fitted with Dubinin-Astakhov (solid line) and Langmuir-Freundlich 
(dotted line) isotherms; 

Fig. 13 is a graph comparing equilibriiun adsorption isotherms of thiophene 

atl20^C; 

Figs. 14-21 are graphs depicting various breakthrough curves; 

Fig. 22 is a graph depicting pure component equilibrium isotherms for 
benzene and cyclohexane adsorption on H-US Y at 120 and 1 80 ^C; curves are fitted with 
Dubinin-Astakhov (solid lines) and Langmuir-Freundlich (dotted lin^) isothenns; 

' Fig. 23 is a graph depicting pure componmt equilibrium isotherms for 
benzene and cyclohexane adsorption on Na-Y at 120 and 1 80 ^G; curves are fitted with 
Dubinin-Astakhov (solid lines) and LangmtiiivFr^dlich (dotted lines) isotherms; 

Fig 24 is a graph depicting pure component equilibrium isotherms for 
benzene and cyclohexane adsorption on Ag-Y at 120 and 180 ^C; curves are fitted with 
Dubinin-Astakhov (solid lines) and Langmuir-Freundlich (dotted lines) isotherms; 

Fig. 25 is a graph depicting pure component equilibrium isotherms for 
0enzene and cyclohexane adsorption on Pd-Y at 1 20 ^C; curves OEte fitted with Dubinin- 
Astakhov (solid lines) and Langmuir-Freundlich (dotted lines) isotherms; 

Fig. 26 is a graph depicting pore size distributions of Na-Y, Ag-Y, Pd-Y 

andH-USY; 

Fig. 27 is a graph comparing experimental and GCMC simulation for 
adsorption of benzene on Na-Y; 

Fig. 28 is a graph comparing experimental and GCMC simulation for 
adsorption of benzene on H-USY; and 

Fig. 29 is a graph comparing experimental and GCMC simulation for 
adsorption of benzene on Ag-Y. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention is predicated upon the unexpected and fortuitous 
discovery that thiophene and thiophene compounds are adsorbed slightly more selectively 
via 71 -complexation than is benzene. This is quite counter-intuitive, as it would be 
expected that benzene, having more double bonds (3) and more % electrons than 
thiophene (2 double bonds), would be more selectively adsorbed via Tc-complexation. An 
example of a compound having more double bonds being more selectively adsorbed than 



wo 03/020850 



PCT/DS02/28040 



a compoxmd having fewer double bonds may be found in U.S. Patent No. 6^15,037, 
issued to Padin, Munson and Yang in 2001 and entitled, 'Method &>r Selective 
Adsorption of Dienes." 

Without being bound to any theory, it is believed that this counter- 
intuitive, slightly higher selectivity for thiophene/Aiophene dwivatives/compounds may 
be explained by Ifae following iheoiy. The sulfur atom in the five-member tiiiophene ring 
has more electrons than the carbons. As such, tiie S atom, with its available electrons and 
relatively stix>ng attraction, may be dding in the 9c -complexation b^ 
contributing to the higher selectivity of the present sorbents for thiophenes over benzene. 
How much the sulfiir could contribute to n -complexation jbonding, however, is not 
predictable. 

The present invention is a startling and use&l discovery, in that the 
sorbents and process of the present invention adsorb more than 1 mmol/gram of 
thiophene at 10"^ atm. The present inventive process utilizing sorbents which adsorb via 
Tc-complexation may be used to remove sul&r compounds (for example, heterocyclic 
diunsaturated sulfiir compounds) from hydrocarbons such as liquid fuels (including, but 
not limited to gasoline, diesel fuels, coal and shale derived liquid fuels, methanol, and the 
like). Liquid fixels have a high concentration of aromatics, such as eg. benzene, and a low 
concentration of thiophene and tiiiophene compounds (in the partsrper-million (ppm)). 
Thus, it is one important aspect of the present invention that the inventive process 
adsorbs the thiophenes at least slightly more selectively than benzene. 

This is a substantial advance over currently available commercial sorbents, 
which adsorb little, if any, thiophene or tiiiophene compounds at low concentrations. For 
example, activated carbon was recently tested by the present inventors, and was found to 
behave similarly to Na-Y (discussed in further detail below), in that it adsorbed very little 
(below 1/10 nmiol/gram) benzene and thiophene at 10"^ atm. 

Without being bound to any theory, it is believed that the higher sorbent 
capacity of embodiments of the present invention may be due to a sorbent pretreatment 
method of an embodiment of the present invention wherein the sorbent is calcined at 
3S0X and cooled in dry atmosphere. 

The present inventive process may advantageously be run at ambient 
temperature and pressure, which is highly desimble for a variety of reasons. It is much 
less energy consuming to run processes at ambient temperature and pressure. Further, 
conventional catalytic desulforizing processes, processes are typically run at high 
temperatures, eg. 700**C, and high pressures, causing the (very expensive) catalyst to be 
continually deactivated. Further, the reactor size of a conventional process would need to 
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be exponentially increased over present reactor sizes in order to remove thiophenes lower 
than the currently acceptable several hundred ppm. Still further, the present invrntive 
proc^ may be used as a first line desulfurizing process, and/or as a clean up 
desulfiirizing process to remove sulfur compounds missed by conventional processes, 
such as those processes discussed above (eg. hydrodesulfiirization). It could be veiy 
useful to have the option to add the present invmtion as a doymstream "clean up** 
desulfurizing process, in that it may not be necessaiy to revamp current refining 
processes upstream fi-om the present inventive process. This could solve the cost- 
prohibitive problems encountered by some refine. See Parkinson, G, (cited above). 

The sorbents of the present invention, one example of which is Cu(I)Y, 
may be substantially fiilly regenerated by first air oxidation (e.g., at about 350®C), 
followed by auto-reduction in an inert atmosphere (e.g., at about 450®C). 

The process and sorbents of the present invention may have quite 
significant cost benefits on the future energy picture. For example, for a full tank of gas, 
it is estimated that it would cost only about 70 cents to remove the sulfur firpm the current 
350 ppm to below 5 ppm. if some blending were done, to meet the new (2006) EPA 
standard, then it is estimated that it would cost only about 12 cents. These costs are 
based on the assimiption that the'lsorbent is disposable no f egeiiemtion. However, it is 
estimated that the cost could be considerably less if llie sorbent ware regenerated (for 
example, as described above, ie. air oxidation followed by auto-reduction in inert 
atmosphere). 

Altiiough the process of the present invention has specifically tested Cu-Y 
and Ag-Y (as well as other sorbents)^ it is to be understood that Type X zeolites may in 
some cases be as good as, or better zeolites than Y zeolites, since more cations are 
available in X zeolites. Further, it is to be understood that other zeoUtes are contemplated 
as being within the scope of the present invention. Still fiirther, it is to be understood that 
all d-block transition metals and/or their ions may be used in place of the copper or silver, 
as it is believed that any d-block element will form % -complexation bonds with thiophene 
and thiophene compoimds. In particular, it is believed that Ni^ and Pd^"^ would be as 
effective as Cu'*' and Ag^ JPurther, the metals do not need to be ion-exchanged, but mlher 
may be dispersed (monolayer dispersion, island dispersion, etc.) on a carrier (such as, for 
example, silica, alumina, etc.) by any suitable method. 

in an embodiment of the present invention, the process for removing 
thiophene and thiophene compounds fi-om liquid fiiel comprises the step of contacting the 
liquid fuel with an adsorbent which preferentially adsorbs the thiophene and thiophene 
compounds, at a selected temperature and pressure, thereby producing a non-adsorbed 
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component and a thiophene/thiophene compound-rich adsorbed component It is to be 
understood ftat in the 'Uiophen^thiophene compound-rich adsorbed component" term 
as used herein, the thiophenes may not be the greatest amount of adsorbate. For example, 
in the case of liquid fuels having a very high concentration of aromatics, and a very low 
concentration of thiophenes, the adsoibed phase will actually contain more benzene than 
tihiiophene, because there is much more benzme lhan tiiiophene in the solution. The 
adsorbed phase may have thiophene/benzene at a ratio of about 1/2. However, that would 
be enough to advantageously purify the solutioa 

The adsorbent comprises any ion-exchanjged zeolite, but in a preferred! 

^bodimeat, the zeolite is selected from the group consisting of zeolite X, zeolite Y^> 
zeolite LSX, and mixtures thereof The zeolite has e?fchangeable cationic sites, and at 
least some of the sites have d-block transition melal cation present The preferential 
adsorption occurs by Tc-complexation. 

In a further embodiment, the invention comprises a process for removing 
thiophene and thiophene compounds from liquid fuel. The method comprises the step of 
contacting the liquid fuel with an adsorbent vAiich preferentially adsorbs the thiophene 
and thiophene compounds, at a selected temperature and pressure, thereby producing a 
hon-edsorbed coriijponent and a thiophene/thiophene compound-rich adsorbed 
component The adsorbent comprises a carrier having a smfrice area, the carrier having a 
d-block transition metal compound dispersed on at least some of the sur&ce area. The 
metal compound releasably retains the thiophenes. The carrier comprises a plurality of 
pores having a pore size greater than the effective molecular diameter of the 
tiiiophene/thiophene compounds. The method may further comprise the step of changing . 
at least one of the pressure and temperature to thereby release the thiophene/thiophene 
compound-rich component from the adsorbent 

As suggested by King, chemical complexation bonds are generally 
stronger than van der Waals interactions (thus giving rise to higher selectivities), yet 
weak enough to be reversible (i.e., to be broken by simple engineering means). See, for 
example. King, C. J., "Separation Processes Based on Reversible Chemical 
Complexation," Handbook of Separation Process Technology, R.W. Rousseau ed., 
Wiley, New York, 1987, Chap. 1 5. Therefore, a tremendous opportunity exists for 
developing new sorbents (and new applications in separation and purification) by using 
weak chemical bonds, including various forms of complexation bonds. Based on the 
principles of n-complexation, the inventor(s) have already developed a number of new 
sorbents for a number of applications. These include sorbents for: (a) olefin/parafiBn 
separations (see, for example, Yang, RT.; Kikkinides, E. S. "New Sorbents for Olefin- 



9 



wo 03/020850 



PCTAJS02/28040 



Paraffin Separations by Adsorption via n -Complexation,"^CAE7., 1995, 41, 509; 
Rege, S. U; Padin, J; Yang, R T. "Olefin-Paraffin Separations by Adsorption: 
Equilibrium Separation by tc -Complexation vs. Kinetic Separation," v^CM J., 1998, 44, 
799; Huang, RY.; Padin, J.; Yang, R T. ''Ab Initio Effective Core Pot^al Study of 
Olefin/ParafSn Separation by Adsorption via n -Complexation: Anion and Cation Effects 
on Selective Olefin Adsorption," J. Phys. Chem. A, 1999, 103, 3206; Huang, HL Y.; 
Padin, J.; Yang, R T. "Comparison of w-Complexations of Ethylene and Carbori 
Monoxide and Cu* and Ag"*"," Ind. Eng. Chem. Res., 1998, 55, 2720; and IWin, J.; Yang, 
R T. "New Sorbents for Olefin-Paraffin Separations by Adsorption via 9c -Complexatibn: 
Syndesis andEffects of Substrates," CAe/w. jE>ig. iSci\,^2 

separation or purification (i.e., removal of trace amounts of dienes fi-om olefins) (see 
Padin, X; Yang, R T.; Mimson, C. L. 'TsTew Soibents for Olefin-Paraffin Separations and 
Olefin Purification for C4 Hydrocarbons," Ind. Eng. Chem. Res., 1999, 38, 3614; 
Jarayaman, A; Yang, RT-; Munson, C L^^^^ 

Adsorbmts by Hydrogen and Rejuvenation by Oxidation," Ind. Eng. Chem. Res., 2001; 
: and Takahashi, A; Yang,RT.;Munson, C.L.; Chinn,D. "Cu(r)-Y Zeolite as a Superior 
Adsorbent for Diene/Olefin Separation,*' Langmuir, 2001.); and (c) aromatics/aliphatics 
separation and purification (i.e, removal of trace amountsiofaiomatics fi^om aliphatics) 
(see Takahashi, A; Yang, F. H.; Yang, R T. "Aromatics/Aliphatics Separation by 
Adsorption: New Sorbents for Selective Aromatics Adsorption by it -Complemtion," 
Ind. Eng. Chem. Res., 2000, 39, i«5(J;andTakahashi, A; Yang,R T. "New Adsorbents 
for Purification: SelectiveRemoval of Aromatics," ^CAEJ:, submitted (2001)). For 
purification, vapor phase results can be applied directly to liquid phase applications. In 
the present invention, the inventors have used molecular orbital calculations to obtain a 
basic understanding for the bonding between the sorbates and sorbent surfeces, and 
fiirther, to develop a methodology for predicting and designing % -complexation sorbents 
for targeted molecules (see, for example, Huang, H Y.; Padin, J.; Yang, R T. ''Ab Initio 
^ective Core Potential Study of Olefin/Paraffin Separation by Adsorption via ir - 
Complexation: Anion and Cation Effects on Selective Olefin Adsorption," J. PftyA Chem. 
B., 1999, 103, 3206; and Huang, H. Y.; Padin, J.; Yang, R T. "Comparison of tc - 
Complexations of Ethylene and Carbon Monoxide and Cu^ and Ag^" Ind. JE^g. Chem. 
Res., 1998,38,2720). 

In the present invention, the inventors obtained first results on new 
sorbents for desulfiirization using 7c-complexation. CuY and AgY were the sorbents, and 
thiophene and benzene were used as the model system. Since NaX (i.e., 13X) or NaY is 
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among the best commercially available sorbents for thiophene, NaY was used as the 
reference for comparison. 

The sulfiir breakdirough curves with AgY and NaY zeolites figure 3), 
with a liquid feed of diiophene in octane, shows AgY to be an excellent soifoent 

Furth^ experiments were run widi Cu(l)Y. Surprisingly, even thougji the 
results with AgY were very good, the results with Cu(I)Y were better than those of AgY. 
The sorbent capacity of Cu(I)Y is much higher than that of AgY, and very pure octane 
. was obtained for extended periods of time. The sulfur capacity of Cu(r)Y zeolite was 
found to be about 2.SS mniol/g (or, 21.4 wt This is an extremely high capacity 
because the experiments were removing ppm leypls of sulfor. 

Ag-exchanged &ujasite was claimed for thiophene removal in U.S. Patent 
No. 4,188,285 issued to Michlmayr. In sharp contrast to the present invention, the *285 
preferred temperature for adsorption was 200-350®C, and the sorbent was not dehydrated 
: : by heat-treatment prior to adsorption. Also in sharp contrast to the present invention, the 
*285 sulfiir capacities were very low, at about 0,07-0.15 wt% for Ag-Y. In the *285 
patent, the highest sulfur capacity (of 0.2 wt%) was obtained with the lowest Ag content, 
with USY zeolite. The '285 sorbent was apparently intended for bonding the sulfur atom 
with Ag. It was not intended for 7c-compl^tion. Iti contrast, the sorbents of the present 
invention, for example, the Cu(I)Y sorbent has a sulfur capacity > 1 00 times larger. 

Vansant et al. in European Patent Publication No. 0 275 855 investigated 
Cu(II)Y for thiophene removal. Li contrast to the present invention, the *855 Cu^ 
exchanged Y zeolite was purposely heat-treated in air (to 200-550°C) to maintain the 
Cu^^ in the divalent state. Thus, in contrast to the present invention, in the *855 
publication adsorption by 7r-complexation was not intended. The *855 publication 
discloses low thiophene capacities (the highest was 1.6 wt%). In sharp contrast, the 
tiiiophene capacities of the present invention were about 21 A wt%. 

Figs. 14-21 are graphs depicting various breakthrough curves. 

To forth^ illustrate the present invention, the following examples are 
given. It is to be understood that these examples are provided for illustrative purposes 
and are not to be construed as limiting the scope of the present invention. 

EXAMPLES 

EXPERIMENTA 
Sorbent Preparation 

Cu^-Y was prepared by ion exchange of Na-Y zeolites (Si/Al=2.43, 56 Al 
atoms/u.c., Strem Chemical) with Cu(N03)2 followed by reduction of Cu^^ to Cu^ since 
Cu(I) is not soluble in water. First, as-received Na-Y was exchanged twice using excess 
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amounts (10-foId cation-exchange-capacily (CEC) assuming that one Cu^^ compensates 
two aluminum sites) of 0.5 M Cu(N03)2 at room temperature for 24 hours. After the 
exchange, the zeolite suspension was filtered and washed with copious amount of de- 
ionized water. The product was dried at lOO^^C overnight Several groups have reported 
reduction of Cu^* to Cu^ in zeolite in He (i.a, auto-reduction, see Takahashi, A.; Yang, 
RT.; Munson, Chinn, D. "Cu(l)rY Zeolite as a Superior Adsorbent for 
Diene/Olefiuni Separation," iawgwwir, 2001^ 

Reimer, J. A. "Electron Paramagnetic Resonance Studies of Copper Ion-Exchanged 
ZSM-VJ.PAyj.CAOTi„1994, P«, 11533). In this study^ reduction of Cu^ to Cu* was 
carried out in He only at 450^ for 1 hour. Ag^ ion-exchanged Y-zeolite (Ag^Y) was 
prepared at room temperature for 24 h in the same manner as Cu^^ exchange, using 5-fol(l 
excess AgNOs (O.IM). 

Single component isotherms for benzene and thiophene were measured at 
120''C using standard gmvimetric methods. A Shimadzu TGA-50 automatic recording 
micrdbal^ce was employed. Helium (Pre-purified grade, Metro welding; 99.995%) was 
used as the carrier gas and was first passed through two consecutive gas-wash bottles (to 
ensure saturation), \y4iich contained benzene (EIPLC grade, Aldrich, 99.9-1-%) or 
thiophene (Aldrich, 99+%). After diluting Ae concentmtion to Ihe desired value by ? 
blending with additional helium, the mixture was directed into tiie microbalance. 
Moleciilar Orbital Computational Details 

Molecular orbital (MO) studies on the % -complexation bonding for 
benzene and sorbent surfeces had been investigated recently. See Takahashi, A.; Yang, 
F. R; Yang, R. T. "Aromatics/Aliphatics Separation by Adsorption: New Sorbents for 
Selective Aromatics Adsorption by % -Complexation," Ind. Eng. Chem. Res., 2000, 39, 
3856. In this work, similar MO studies were extended to thiophene and sorbent surfaces. 
The Gaussian 94 Program in Cerius2 molecular modeling software (see Bowie, J. E., 
Data Visualization in Molecular Science: Tools for Insight and Innovation', Addison- 
Wesley Pub. Co.: Reading, Mass., 1995; chapter 9) firom Molecular Simulation, Inc. was 
used for all calculations. See Frisch, M. 1; Tmcks, G.W.; Schlegel, H. B.; Gill, P. M. W.; 
Johnson, B. G.; Robs, M. A.; Cheeseman, J. R; Keith, T.; Petersson, G. A.; Montgomery, 
J. A.; Raghavachari, K; Al-Laham, M A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. 
B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; 
Gomperts, R; Martin, R. L.; Fox, D. 1; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, 
J. P.; Head-Gordon, M.; Gonzalez, C; Pople, J. A Gaussian 94, Revision B.3, Gaussian, 
Inc., Pittsburgh, PA., 1995. MO calculations for thiophene and sorbent surfeces were 
performed at the Hartree-Fock (HF) and density fimctional theory (DFT) level using 
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effective core potentials (ECPs). See Hay, R 1; Wadt, W.R "Ab Initio Effective Core 
Potential for Molecular Calculations. Potentials for tiie Transition Metals Atoms Sc to 
Hg,** J. Chem, Phys. 1985, 82, 270; Wadt, W. R; Hay, P. L "Ab Initio Effiective Core 
Potential for Molecular Calculations: Potentials for Wfain Group Elements Na to Bi," J. 
Chenu Phys. 1985, P2, 284; and Hay, P. J.; Wadt, W. R "Ab Initio Effective Core 
Potential for Molecular Calculations: Potentials for K to Au Including the outermost core 
otbitals," J. Chem. Phys. 1985, 82, 299. 

The LanL2DZ basis set (see Russo, T. V.; Martin, TL L.; Hay, P, J, . 
TSffective Core Potentials forDFT Calculations," J. Phys. Chem. 1995, 99, 17085) is a 
double-^ basis set containing ECP representations of electrons near the nuclei for post- 
third-row atoms. The reliability of this basis set has been confirmed by the accuracy of 
calculation results as compared with experimental data. Therefore, the LanL2DZ basis 
set was employed for both geometry optimization and natural bond oibital (NBO) 

analysis. ; 

The restricted Hartree-Fock (RHF) tiieoiy at the LanL2DZ level basis set 
was used to determine the geometries and the bonding energies of thiophene on AgCl and 
CuCl. The simplest models with only a single metal chloride interacting with a thiophene 
molecule i^ere chosen for n -complexatioh studies. The optimized structures were then 
used for bond energy calculations according to the following expression: 

Eads ^ Eaibovbate Eadsofbcnt ~" E«fbori)Bnfc-edsoifoats (1) 

where EadsQrimte is the total energy of thiophene, Eadsorbent is the total energy of the bare 
adsorbent, i.e. the metal chloride, and EadsorbentradsoAate is the total energy of the 
adsorbate/adsorbent system. A higher value of Eadi corresponds to a stronger adsorption. 
Natural Bond Orbital (NBO) 

The optimized structures were also used for NBO analysis at the 
B3LYP/LanL2DZ level. The B3LYP (see Becke, A D. ^Density Functional 
Thermochemistry. IH. The Role ofExact Exchanges," J. Chem. Phys. 1993, 98, 5648) 
approach is one of the most useful self-consistent hybrid (SCH) approaches (see Becke, 
A D.; "A New Mixing of Hartree-Fock and Local Density-Functional Theories," J. 
Chem. Phys. 1993, 98, 1372), it is Beck's 3-parameter nonlocal exchange fonctional (see 
Becke, A D.; "Density-Functional Themiochemistry. n. TheEflfect of thePerdew-Wang 
generalized-gmdient correlation correction," Chem. Phys. 1992, 97, 9173) witii 
nonlocal correlation fonctional of Lee, Yang and Parr. See Lee, C; Yang, W.; Parr, RG. 
"Development of the CoUe-Salvetti Correlation-Energy Formula into a Functional of the 
Electron Density," Phys. Rev., 1988, B37, 785. 
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The NBO analysis performs population analysis that pertains to localized 
wave-function properties. It gives a better description of the electron distribution in 
conipounds of high ionic character, such as those containing metal atoms. See Reed, A. 
E.;Weinstock,IU3.; Weinhol^R •'Natural Population Chem.Phys. 1985, 

83 (2), 735. It is known to be sensitive for calculating localized weak interactions, such 
as charge transfer, hydrogen bonding and weak chemisbiption. Therefore^ the NBO 
program (Glendenm^ E. D.; Reed, A R; Carpenter, J. E., Weinhold, V. NBO Version 
3.1, 1995) was used for studying the electron density distribution of the adsorption 
••"systeim.- 

BesuHs and Dtscassion 

«> For purification, as the inventors have shown for the r^pval^of ppm 

levels of dienes from olefins (Takahashi, A; Yang, F. H,; Yang, R T. 
"Aromatics/Aliphatics Separation by Adsorption: New Sorbents for Selective Aromatics 
Adsorption by tt rComplexation," /nc/. Eng. Chem Res., 2000, 39, and Takahasht 
A ; Yang, R T. •'New Adsorbents for Purification: Selective Removal of Aromatics," 
AIChEX, submitted 2001); one parameter is the separation &ctor, and the separation 
fiictor should be evaluated at /oiv concentrations of the solute but at i^ig/i concentrations 
of the solvent In other words, the cq)acity for th^dilute solute (at ppm level) is an 
important fector in determining Ifae purification. The separation &ctor (a) is given by: 

ai2 = XiY2/(X2Yi) (2) 

where X and Y are mole fiactions in the adsorbed and fluid phases, respectively. In our 
case, component 1 is thiophene and component 2 is benzene. Hence, the ability of the 
sorbent for purification depends on tihe amount of thiophene adsorbed at the ppm levels. 

Figure 1 shows the equilibrium isotherms of benzene and thiophene on 
NaY at 120**C. NaY does not have a selectivity for thiophene; however, it adsorbs both 
benzene and thiophene quite strongly, as evidenced by the still measurable amounts 
adsorbed at partial pressure as low as 1 0-1 00 ppm of 1 atm. As expected, a fixed-bed 
adsorber experiment using NaY would yield a breakthrough curve (Yang, R T. Gas 
Separation by Adsorption Processes, Butterworth, Boston, 1987, Imperial College Press, 
London, 1997), as seen in the literature (Salem, A S. HL; Ifamid, H. S. 'Removal of 
Sulfur Compounds from Naphtha Solutions Using Solid Adsorbents," Chem. Eng. Tech,, 
1997, 20, 342). The data were fitted by the Langmuir-Freundlich isotherm (Takahashi, 
A; Yang, RT.; Munson, C.L.; Chinn, D. "Cu(I)-Y Zeolite as a Superior Adsorbent for 
Diene/Olefm Separation," iawgrnw/r, 2001; Takahashi, A; Yang, F. H.; Yang, R T. 
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"Aromatics/Aliphatics Separation by Adsorption: New Sorbents for Selective Aromatics 
Adsorption by 7C-Complexation," Ind. Eng. Chem. Res^ 2000, 39, 3856; and Takahashi, 
A.; Yang, R. T. •'New Adsorbents for Purification: Selective Removal of Aromatics/ 
AIChEX, submitted 2001), as shown by tfie lines in the figura 

Figure 2 shows the isotherms of benzene and thiophene on AgY and CuY. 
Note that (a) compared with NaY, AgY and CuY adsorb both thiophene and benzene 
more strongly at below 1 0*^ atm, due to n -complexation; and (b) on a per-cation basis, 
Cu**^ shows stronger interactions Hian Ag^ Compared with Figure 1, these sorbents 
adsorbed significantly more tiiiophene and benzene than NaY at pressures below 10*^ 
atm, and nearly the same amounts at high partial pressures. This result was a clear 
indication of tc -complexatioii with Ag^ and Cu^; Na^ could not form n -complexation 
bonds. From the data in Figures 1 and 2, the separation &ctors were calculated using 
mixed Langmuir-Freundlich isotherms (Taka), and are shown in Table 1 . However, these 
separation fectors did not reflect the relative strengths of n -complexation between Cu^ 
and Ag^ because the Cu"*" exchange was not complete. Nonetheless, the large separation ' 
&ctors indicate that AgY and CuY are excellent sorbents for purification purposes. 



Table 1. Separation factors of tfaiop^hene over benzene estimated from pure* 
component isotiherms by extended Langmuir-Freundlich Equation at die pressure 
of 3x10^ atm for thiophene and 1 atm for benzene. 



Adsorbent 


Ag-Y 


Cu-Y 


,Na-Y • 1 


Separation 
1 Factor 


2800 


50 


0.10 



The neutron activation analyses of the sorbent samples showed that the 
Ag^ exchange was 100% but the Cu^ exchange was only 23%, On a per-cation basis, the 
% -complexation with Cu^ was stronger than that with Ag"**. This was indeed confirmed 
by our molecular orbital calculations, as will be discussed. To understand the relative 
strengths of 7c-complexation between Ag^ and Cu\ the thiophene adsorption amounts at 2 
x 10"^ atm were normalized by Ag^ or Cu**" content, and the results are shown in Table 2. 
It is seen that Cu^ could adsorb higher thiophene adsorption amounts per cation. In fact, 
0.92 thiophene molecule per Cu+ was obtained at 2x10-5 atm at 120X. This amount 
was due to Cu*** since the amount adsorbed by NaY at the same pressure was negligible. 
At the same pressure, only 0.42 thiophene/Ag^ was obtained. This result indicated strong 
n -complexation bonds between both Cu^ and Ag^, and that the bond with Cu"** was 
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Stronger. Further work is in progress to increase the Cu^ contents on various X/Y and 
other zeolites and the results will be reported shortly. 



Table 2. Thiophene adsor|ton amount nonnalized by cation content (fhiophene/catton). 



1 Adsoibent 


Ag-Y 


Cu-Y 


Cation for n-comptesatioii 


Ag* 


Qi* 


Cation Content in Zeolite (vrt%) 


38.2 


8.29 


Amount Adsorbed (tiiiophaie - 
moIecuIe/cati«Hi) 


0.42 


0,92 . 



^ The heats of adsorption for tc-complexation were estimated by taking the 
Values at low loadings, and they were obtained from the tempierature dependence! of tfie 
isotherms at low pressures. These values ^^^^ 



Table 3. Heals of adsorption Qccal/mol) for ic-com^aexation. 



Zeolite 


Thiophene 


Benzene 


Cn(D-Y 


22.3 


21.8 


Ag-Y 


21,4 


20.1 



Bond Energies, Geometries and NBO results 

The eneigies of adsorption calculated using equation 1 for thiophene and 
benzene are summarized in Table 4. 



Table 4. Summary of energies of adsorption for thiopb^e and benzate in kcal/moL 



MO 


E^CThiophene) 


B^CBenzene) 


CuQ 


13.S 


12.4 


Aga 


9.0 


8.6 



The theoretical calculations indicate that the % -complexation strengths follow the order 
CuCl > AgCl and more importantly, thiophene > benzene. This trend is in agreement 
with the experimental data, in Table 3. Chloride was used as the anion in the theoretical 
calculations, while zeolite framework was the anion in the experiment It is known from 
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our previous work that the anion has a large efiPect on the % -complexation bonds. See^ 
for example, Huang, HY.; Padin, J.; Yang, R T. Initio EjBfective Core Potential 
Study of 01efin/Para£5n Separation by Adsorption via ti -Complexation: Anion and 
Cation Effects on Selective Olefin Adsorption," J. Phys. Chem. B., 1999,103, 3206; and 
Huang, H. Y.; Padin, J.; Yang, R. T. "Comparison of ji -Complexations of Ediylene and 
Caibon Monoxide and Cu* and Ag*," Ind. Eng. Chem. Res., 1998, 38, 2720. In the 
optimized stractures of thiophene-MCl complexes, the distance between the tfaiophene 
molecule and Cu ion is about 0.3 A shorter than that of thiophene and Ag ion. The NBO 
analysis is summarized in Tables 5 and 6. There is some donation of electron dhoiges 
fit^m the K cubital of tiiiophene to the vacant s orbital of metals knfpn as o donation and, 
simultaneously, back donation of electron charges Gmm tiie d orbitals of metals to n r 
orbital of tfaiophene or n back-donation. The n badc-donation appears to be important in 
all cases. The charge transfer results again confirmed the experimental data Aat the 
relative strengths of the jc-complexation bonds follow the order tfaiophene > benzene and 
Cu-^>Ag'". 

Table 5. Summary of NBO analj^* of n-complexadon between thiophene and MCL 



MCI 


C-M interaction 
(o donation) 
Qi 


M-^C interaction 
(d - n* backdonation) 
Ob 


? Change 


CuCl 


0.037 


-0.022 


0.015 


AgCl 


0.022 


-0.014 


0.008 


* qt is Ihe amouot of electron population change in valence s oibitals of the metal, and. q2 is the 
total amount of electron population decrease in valence d oibitals of the m^. 

Table 6. Summary of NBO analysis* of ic-complexadon between benzene and MCL 


MCI 


C-^M intaractiott 
(o donation) 
Qi 


M-^C interaction 
(d - n* backdonation) 
% 


Net Chaise 
qi + Qi 


CuCl 


0.011 


-0.013 


-0.002 


AgCl 


0.003 


-0.007 


-0.004 



* qi is the amount of electron population change in valence s oibitals of the metal, and % is the 
total amount of electron pcqpiulation decrease in valence d oibitals of the metal. 

EXPEBIMENTB 

Thiophene Removal Using Sodium and Silver Cation in Faujasite Zeolites 

Work has been done on different adsorbents to remove sulfiir from 
mixtures, such as, for example, thiophene from benzene or n-octane based solutions. 
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These adsorbents include sodium and silver forms of &ujasite type zeolites, particularly, 
Y type zeolites. Biitial studies were done for the case of an inlet concentration of 2000 
ppmw of thiophene in either benz^e or n-octane. 
Sorbent Preparation 

Sodium Y Zeolite powder was obtained from Strem Chemicals. Silver Y 
Zeolite was obtained by ion exchanging NaY at room temperature. The solution was 
prq>ared using a silv^ nitrate salt and deionized water (rO.2 M). A 4^fold excess 
amount of silver was used to ensure exchange completion. After ion exchanging for 48 
hours, the adsorbent was recovered by filtration and washed with large amounts of 
deionized water. Drying was performed at room temperature. ^ 
Breakliirough Experiments 

Breakthrouj^ e?q)erime«its were panned in a custom ms^ 
reactor equipped with a glas&fiit The adsorbent wias loaded inside the rea(^f(usually 1 
: or 2 grams) and activated in .sr/Ai under a heliuni atmosphere at 3S0**C for 24 1^^^ The 
adsorbent was then cooled down to room temperature. At this point, the sorbent was 
wetted by pouring down sulfur free solvent 0)enzene or n-octane) for about 30 minutes. 
This stream was then changed to one containing 2000 ppmw thiophene. Samples were 
collected at different time intervals, and the thiophene outlet concentration was analyzed 
using a GC unit equipped with a polar column at 65X. 
Preliminary Results 

Figure 3 shows breakthrough curves for thiophene in either benzene or n- 
octane in sodium or silver forms of Y Zeolite. 

Thiophene adsorption amounts after saturation. 
NaY ^Y 
Saturation Amount (mmol/g) 

Solvent 

Benzene 0.102 0.171 

n-Octane — 0.898 



Integration of the area above the curves yield the adsorption saturation 
amounts presented in the table shown above. For the case of thiophene/benzene 
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mixtures, Ihe calculated thiophene adsorption amounts are not that higjh. Very recent 
single component vapor phase adsorption experiments have shown that NaY and AgY 
may adsorb benzene and thiophene in similar quantities. Thus, benzene may compete &>x 
many of the adsorption sites, periiaps leaving thiophene with fewer available sites. 
However, despite the possibility of competitive adsorption, Ae presence of silver cations 
results in an increase in some adsorption capacity. For the case of thiophene/n-Octane 
mixtures, AgY Zeolite shows great selectivity towards thiophene. Without being bound 
to any theory, it is beUeved that this indicates that Ifae interaction betw^ 
cations and the thiophene mplecules is higher than that of n-Octane molecules. 
EXPERIMENT C . 

Li this e;q>eriment, the known commercial soibents such as Na-Y, Na- 
ZSM5, H-USY, activated carbon and activated alumina (Alcoa Selexsorb) were included, 
and a direct comparison was made with Cu-Y and Ag-Y vMch were the sorbents with 
complexation capability. Thiophene and benzene were used as the model syst^ fer 
desulfurization. 
Sorbent preparation ''^ 

Various kinds of sorbents were investigated in this work. Four as-received 
sorbents: Na-type Y-zeolite (Na-Y, Si/Al=2.43, 56 Al atoms/unit cell, Strem Chemical), . 
H-type ultra-stable Y-zeolite (H-USY, Si/Al=l 95, 0,98 Al atoms/u.c, HSZ-390HUA, 
TOSOH Corporation), activated carbon (Type PCB, Calgon Carbon Corporation) and 
modified activated alumina (Selexsorb CDX, Alcoa Industrial Chemical), were used in - 
this study. According to the product datasheets, Selexsorb CDX is formulated for 
adsorption of sulfiir-based molecules, nitrogen-based molecules, and oxygenated 
hydrocarbon molecules. Na-Y and H-USY were in powder form (binderless). Since 
activated carbon was in granular form and activated alumina was in pellet form, Ihey 
were orushed into powder form for evaluation. 

Cu^-Y and Ag-Y were prepared as in E?qperiment A, above. 13X 
(Si/Al=1.25, Linde, lot#945084060002) was used for the preparation of Cu-X (10 fold 
CEC solution of Cu(N03)2, ion-exchanged at 65 °C for 24 hrs, three times) and Ag-X (5- 
fold CEC solution of AgNOa, ion-exchanged at RT for 24 hrs, twice). Na-type ZSM-5 
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(Na-ZSM-S) was prepared at room temperature by Na'^-exchange of NEU-ZSM-S 
(Si/Al=10, SM-24, ALSI-PENTAZeolite GmbH). 
Isotherm and uptake rate measurements 

The objective of this study is to compare the strength of adsorptiye 
interaction between adsorbents and thiophene/benzene. Extremely low partial pressures 
at less than 10"^ atm would be necessary to meet this objective if isotherms were 
measured at ambient temperature, because the isothemis at ambient temperature are £urly 
flat and are difficult to compare each other. However, it is very difficult to obtain and 
contE^ such low partialpressures experimentally. Therefore, single CjE^mponent 
isotherms for benzene and thioph^e were measured at 90X» 120^C and 1-80 using ^ 
stahdiud gravimetric methods. A Shimadzu TGA-SO automatic recording microb^lance 
was employed. Helium (Pre-purified grade, Metro welding, 99.995%) was used as tiie 
carrier gas and was first passed llirough two consecutive gas-wash bottles (to ensure 
satumtionX viiich contained benzene (HPLC grade, Aldrich, 99.9-F%) or tiiiophene 
(Aldrich, 99+%). After diluting the concentration to the desired valiie by blendin 
additional helium, the mixture was directed into the microbalance. '| 

Ibosteric heats of adsorption were calculated using the Clausius-Clapeyron 
equation from isotherms at different temperatures. Nitrogen isotherms at 77K measured 
with a Micromeritics ASAP 2010 system were used for pore size distribution and pore 
volume determination. Pore size distributions were calculated with Horvath-Kawazoe 
equation. See Horvath, G., and K. Kawazoe, "Method for Calculation of Effective Pore 
Size Distribution in Molecular Sieve Carbon,* V. Chem. Eng. Japan, 1983, 16, 470; Saito, 
A, and H C. Foley, "Curvature and Parametric Sensitivity in Models for Adsorption in 
Micropore,'* ^C/j£ J, 1991, 37, 429; and Cheng, S., andRT. Yang, "Improved 
Horvath-Kawazoe Equations deluding Spherical Pore Models for Calculating Micropore 
Size Distribution," Chem. Eng. Scl 1994, 49, 2599. Slit pore model was used for 
activated carfjon, and cylindrical pore model was used for ZSM-5 and activated alumina, 
while spherical pore model was applied to Y-zeolites and X-zeolites. As for the 
parameters for H-K equation such as polarizability, magnetic susceptibility, density, etc., 
defeult values in Micromeritics ASAP system were used for the calculation of pore sizes. 
See "Accelemted Surface Area and Porosunetry System Opemtor's Manual V3.02," 
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Mcromeritics Ihstrument Corp., (1997). The diflSision time constants, D/r^ ( s"* ), were 
calculated firom the uptake rates. See Yeh, Y. T, **Difl&ision and Adsorption of Gases in 
Molecular Sieves " Ph.D. Dissertation, University of New Yoric at Buffiilo, Buf^o, New 
York, 1989. In this experiment, short time region (up to 30 % uptake) and; spherical 
adsorbent model were used 
Chemical Anal]rsis 

The compositions ofCu-Y and Ag-Ywwe characterized using neutron . 
su^tivatioh analysis (NAA) in the research nucl^^ 

Laboratoiy at the University of Michigan. The sample was^madiated seque^^ for one 
minute at ff?core-*&ce location with an average thermal neutron flux of 2 x IQ^ n/cm^/s. 
Two separate gamma-fay spectra were then collected for each sample with a high 
resohition gennanium detector: one aftar 13-minute decay to deternune t^^ 
concentrations ofM Ag and Cu, and a second afbr a 1 hour and SSrminute decay to . 
analyze for Na. Gamma energy lines at 1 779 keV, 632.99 keV, 1039.20 keV and 1368.6 
keV were used for the determination of Al, Ag, Cu and Na concentration, respectively. 

Molecular Orbital Computational Details and Natural Bond Orbitals are as 
described in Experiment A above. 
Models for A^-Zeolite (AgZ) and Cu-Zeolite (CuZ) 

The zeolite models selected for this study are similar to the ones used by 
Chen and Yang (see Chen, N. and R.T. Yang, "Ab Initio Molecular Orbital Study of 
Adsorption of Oxygen, Nitrogen, and Ethylene on Silver-Zeolite and Silver Halides,** 
Ind. Eng. Chem. Res. 1996, 35, 4020), with the molecular formula of (HO^Si- O - 
Al(OH)3, and the cation Ag+ or Cuf sits 2 - 3 A above the bridging oxygen between Si 
and AL This is a good cluster model representing the chemistry of a univalent cation 
bonded on site II (SU) of the faujasite framewoik (Z). Once the optimized structures of 
AgZ and CuZ are obtained at the B3LYP/LanL2DZ level, then a molecule of thiophene 
(C4H4S) or benzene (C6H6) is added onto the cation of the zeolite model, and the 
resulting structure is further optimized at the B3LYP/LanL2DZ level 
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Results and Discussion 

Qiaracterization of sorbents* Neutron activation analysis showed that 
Ag/Al and Na/Al ratios in Ag-Y were L13 and 0.01, respectively. This is because Ag*" is 
known to have higher seledivily tb cation sites iii izi^olites compared to Na^. See Brecl^ 
D.W. Zeolite Molecular Sieves: Structure, Chemistry and Use; Wiley: New York, 1 974. 
More than 100% Ag ion-exchange ratio was obtained in Ag-Y, because some Ag ions 
were located outside the chaige^compensating sites. On the othar hand, the Al, Cu, and 
Na contents in Cu-Y were 6.10 ± 0.25 wt%, 6.65 ± 0,05 wt%, and 1.50 ± 0.12 wt%, 
respectively. This ihea^ that me Cu/Al iiiolar iatib was 0.463, and the Na/Al ratio was 
0.289, indicating 1^ selectivily than Ag^. Therefore, Cu ion-exchange for X-zeolite was 
carried out three .times at 65 O^tead of twice atRT for Cu-Y) for 24 hrs to enhance 
the ion-exchange. 

Figure 4 shows the comparison of the cumulative pore volume^ 
sorberits used. Activated carbon has the largest pore volume with smaU pores, while Na- 
ZSM-5 has the smallest pore volume. Selexsorb CDX alsp shows small pores. Because 
silver is heavier than copper akd the silver content in Ag-Y (Ag/Al=1.13) was more than 
copper content in Cu-Y (Cu/Al = 0.463), the density of Ag-Y was higher by 36% 
(Nao.o84Cuo.i35Alo^Sio.70802; MW = 70.27 vs. Ago33oAlo.292Sio.70802; MW == 95.36). 
Consequently, the pore volume of Ag-Y was about 25 % smaller than that of Cu-Y. 

Benzene/Thiophene adsorption isoAemis: Na-T. Figure 5 shows tiie 
equilibrium isotherms of benzene and thiophene on Na-Y at 120^C and 1 80^C. The data 
wisre fitted by the Langmuir-Freundlich and Dubinin-Astakhov isotherms (see Padin, J.; 
Yang, R. T.; Munson, C. L., **New Sorbents for Olefin-ParaflBn Separations and Olefin 
Purification for C4 Hydrocarbons," Ind. Eng. Chem. Res., 1999, 38, 3614; Jayaraman, A; 
Yang, R. T.; Munson, C. L.; Chinn, D., '^Deactivation of TC-Complexation Adsorbents by 
Hydrogen and Rejuvenation by Oxidation," Ind. Eng. Chem. Res., 2001, 40, 4370; 
Takahashi, A; Yang, R. T.; Munson, C. L.; Chinn, D., '*Cu([)-Y Zeolite as a Superior 
Adsorbent for Diene/Olefin Separation," Zawgwmr, 2001, 17, 8405; Takahashi, A.; 
Yang, R H.; Yang, R T,, "Aromatics/Aliphatics Separation by Adsorption: New 
Sorbents for Selective Aromatics Adsorption by Tc-Complexation " Ind. Eng. Chem. Res., 
2000, 39, 3856; and Takahashi, A.; Yang, R T., "New Adsorbents for Purification: 
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Selective Removal of Aromatics,''-4/C/ii£ J., submitted (2001)), which are shown by the 
lines in Figure 5. Barthomeuf and Ha measured benzene adsorption on NaH-Y 
(Si/Al=a.43, 81%Na) at 172 See, Barthomeui^ D. and Ha, B.-K, "Adsoiption of 
Benzene and Cyclohexane on Faujasite-type Zeolites, Part-l, Thermodynamics Properties 
at Low Coverage,** J. Chem, Soc, Faraday Trans. 1,1913, 69, llAl. Their isothenn and 
calculated heat of adsorption agreed with the data shown in Figure 5 very welL, 
substantially ensuring tiie accuracy of tiie isotiimns in ibis work. More benzene was 
adsorbed on Na-Y than ifaiophene at pressures lower than 1 0*^ abn. This result indicated 
thattheconlributionoftfae higher polarizability of benzene (10.3x10'^ cm^ for benzene 
vs. 9.7x10"^ cm^ for thiophene) was larger tiian the contribution of Ifae dipole moment (0 
debye in benzene vs. O.SS debye in thiophene) and lower magnetic susceptibility (9. 1x1 0* 
^ onVmoIecules for benzene vs. 9.5x10"^ cm^/molecules for thiophene). At higher 
pressures over 1 x IC^atm, the benzene adsorption amount became smaller owing to the 
larger molar volume of benzene than thiophene. Na-Y does not have a selectivity for 
thiophene; however, it adsorbs both bienzene and thiophene quite strongly, as evidenced 
by the still measurable amounts adsorbed at partial pressures as low as 10"^ to 1 0'^ atm. 

Ag-Y and Cu-'Y. Figure 6 and Figure 7 show the isotherms of benzene and 
thiophene on Ag-Y and Cu-Y. Compared with Figure 5, these sorbents adsorbed 
significantly more thiophene/benzene than Na-Y at pressures below 1 0"^ atm, and nearly 
the same amounts at high partial pressures. This result was a clear indication of 7C- 
complexation witii Ag^ and Cu^; since Na^ could not form 7c-complexation bonds. 
However, the difference in the amounts of thiophene/benzene adsorbed did not reflect the 
relative strengths of Tc-complexation between Cu^ and Ag*^ because the Cu'*' exchange was 
not complete. The neutron activation analyses of the sorbent samples showed that the 
Ag^ exchange was 1 00% but the Cu"^ exchange was only 46%. According to tiie EPR 
analysis (described in Takahashi, A., Yang, R. T., Munson, C. L. and Chirm, D., "Cu(l)- 
Y Zeolite as a Superior Adsorbent for Diene/Olefin Separation," Langmuir, 2001, 17, 
8405), only about a half of the Cu^ was auto-reduced to Cu^ after our heat treatment at 
450°C for Ihr in He. On a per-cation basis, the 7c-complexation with Cu"** was stronger 
than that with Ag^ This was indeed confirmed by our molecular orbital calculations, as 
will be discussed. To understand the relative strengths of n-complexation between Ag^ 
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and Cu*'» the fhiophene adsorption amounts at 2 x 1 0^ aim were noraialized by Ag^ or 
Cu^ contend and the results are shown in Table 7. It is seen that Cu^ could adsorb higher 
thiophene adsorption amounts per cation. In &ct, 0.92 thiophene molecule per Cu*^ was 
, obtained at 2x1 0"^ atm at 120X. This amount was due to Cu^ since the amount adsorbed 
by NaY at the same pressure was negligible. At the same pressure, only 0.42 
thiophene/Ag^ was obtained. This result indicated strong Tc-complexation bonds between 
both Cu"*" iand Ag^, and that the bond with Cu^ was stronger. 

The vapor-phase isotherms of benzene/thiophene on 
not completely reversible wt&in a practical time scale (1 hours|o 3 hpiirs), because of 

r relatively strong interaction. However, the bond, eneigies are of the order of 20 ^cfal/mol, 
which are weak enough so a substantial fiaction of the adsorbed molecules are desoibed 
, m a short period of time. For practical apptication, thermal desorption or displacement 
desorption nimy be a desirable = / • 

, . In prder^ increase the Cu*^ content in the 

zeolite (Si/Al= 1.25) was ion-exchanged with Cu(N03)2. Cu-X was considered to be 

V promising, since larger amounts of Cu**" can be present in the structure of zeolite, 
especially at Sin sites. The color of Cu-X powder after ion-^change (bef^ 
reduction) was bluer than that of Cu-Y, suggesting that more Cu^^ was contained in X- 
zeolite than Cu-Y. For feujasite-type zeolites, the cationis are designated as SI (the center 
of hexagonal prism), SI' (opposite SI but located in the cubooctahedron), SlI (single six- 
ring in the supercage), SII' (opposite SE but inside the cubooctahedron), and SIH (near 
the four-ring windows in the supercage). See Yang, R. T. Gas Separation hy Adsorption 
Processes, Butterworth, Boston, 1987, Imperial College Press, London, 1997; and 
Hutson, N. D.; Reisner, B. A.; Yang, R. T.; Toby, B. a, "Silver Ion-Exchanged Zeolites 
Y,X, and Low-Silica X: Observations of Thermally Induced Cation/Cluster Migration 
and the Resulting Effects on the Equilibrium Adsorption of Nitrogen," Chem, Mater. 
2000, 12, 3020. The cations at SI, SF and SIT sites are not exposed to the supercage and 
are shielded by frameworic o^grgen. They cannot interact with molecules inside the 
supercages directly. Only Sn and Sm sites are exposed to the supercage and can interact 
with molecules inside the supercage. Because Y-zeolite (Si/Al=C2.43) does not have the 
SnE cation sites, it is believed that only cations at SO site are responsible for the 
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thiophene/benzene adsorption. On Ae other hand, X-zeolite (Si/Al=l .25) have a certain 
amount of Sm sites, based on the results on Ag-X This additional Cu^ located at SIH 
site should enhance the adsorption amount However, unfortunately, it was found that 
Cu-X (Si/Al=l .25) vm not stable at temperatures over 200**C, and the pore volume was 
decreased by 60 %. The color of die powder was changed fiom light blue to dark 
greenish gray after heating at 200 for 1 hr in vacuum. As a result, fhiophene 
adsorption amount on Cu-X after 450 auto-reduction was considerably smaller than 
that on Cu-Y (botherms were not shown). To alleviate tiie destruction of Cu-X structure, 
the heating rate fo 450 °C was reduced to 0.5'*C/min and 2''e/min Onstead of 10 ^C/min \ 
But litde improvement was observed. Although the reason for poor stabiUly is not clear 
yet, copper cations were responsible for this phenomenon, because Ag-X, which will be 
discussed next, did not show any degradation of pore structure. It was reported that 
Nickel exchanged A-zeolite was unstable and lost its crystal structure at a tempemture 
ab6ve 70 ^C. See Breck. D.W., Zeolite Molecular Sieves: Structure, Chemistry and Use; 
Wilgy: New York, 1974. The thermal instability of nickel exchanged A-zeolite was 
interpreted in terms of a ligand-field effect After dehydration octahedral coordination 
for tfie nickel cation is not fevored in the zeolite structure. A similar phenomenon might 
be oiBcuited in copper exchanged X-zeolite. 

Ag-X. Thiophene adsorption performance on Ag-X was also examined to 
understand the effect of additional Ag^ at SHI sites. Thiophene adsorption amounts on 
Ag-Y and Ag-X at 120**C were compared in Figure 8. Contrary to our expectation, Ag-X 
adsorbed less thiophene than Ag-Y on a per weight basis. However, since Ag-Y and Ag- 
X have different densities due to their different compositions, the adsorption amounts of 
thiophene were nearly the same based on per imit cell of &ujasite (i.e., about 25 
thiophene molecules/u.c. at 2.3x1 0"' atm and 36 - 40 thiophene molecules/u.c at 1 .8x1 0"^ 
atm for both Ag-Y and Ag-X). The reason for the inefifectiveness of extra Ag^ at SHI site 
in Ag-X is not known. The thiophene adsorption amounts were also examined from the 
viewpoint of zeolite pore volume and liquid thiophene volume. The molar density of 
liquid thiophene is calculated to be 83 cc/mol at 120 **C. See Doong, S. J.; Yang, R. T., 
"A Simple Potential-Theory Model for Predicting ^fixed-Gas Adsorption,'* Eng. 
Chem. Res. 1988, 27, 630. 1 .5 nunol thiophene adsorbed per gram of Ag-Y at 2.3x10'^ 
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atm corresponded to 0.125 cc liquid thiophene per gram of Ag-Y. The fliiophene liquid 
volume of 0.125 cc was nearly one half of pore volume of Ag-Y (0.24cc/g as shown in 
Figure 4), suggesting that one half of the pore was filled with thiophena Therefore, it 
does seem likely that the cavity of Ag-X was filled witfi thiophene even at 2.3x10'^ atm 
and only a small amount could be fiirther adsorbed at hi^er pressures. One possible 
reason for the relatively low amounts in Ag-X is that thiophene molecules adsorbed could 
be located at positions near more tiian one silver cations at both SH and SID sites 
simultaneously, so that no improvement in adsorbed amount was ob^ 

Silv^mAg**XisknbWn^t^ '^p 
See Sun, T. and K Sefi^ "Silver Clusters and Chemistry in Zeolites,** Chem. Itev. 1994, 
94, 857. Hutson et al showed that liitrogen adsorption capacity on Ag ion-exchanged 
low^silica X-ze61ite (Si/Al = 1) was enhanced by heating in vacuum at 450*'C for more 
than 4 hours. This enhancement was explained by thermally induced Ag^ 
cliister migration using Rietvelt refinement of neutron powder diffraction data. The 
thiophene adsorption isotherm on Ag-X(Si/Al '=' 1 .25) after 450 ^C for 4 hours is also 
shown in Figure 5. Nd enhancement was observed for thiophene adsorption on Ag- 
X(Si/Al=L25). : 

H-USY. Thiophene and benzene isothemis on HrUSY(Si/Al = 195) are 
shown in Figure 9. The interaction between Ihiophene/benzene and high-silica H-USY 
was very weak. Neither thiophene nor benzene was adsorbed at pressures lower than 
1x10-^ atm. Adsorbed amounts were substantially smaller than Na-Y even at 2x1 0"^ atm. 
These results are clearly due to the strong interactions between the cations in zeolite and 
the thiophene or benzene molecule. 

Na-ZSM-S. As stated above, several groups used Na-ZSM-5 for 
thiophene/benzaae purification and showed that Na-ZSM-5 could remove thiophene 
impurities from benzene in tiieu* fixed bed breakthrough experiments. Figure 10 shows 
isotherms on Na-ZSM-5. Although thiophene and benzene isotherms turned out to be 
virtually the same on Na-ZSM-5, it may be important to note fiiat thiophene isotherms 
were fiiirly flat over the pressure range in the application of purification. This small 
difference of adsorbed amounts at 3x10"^ atm and 2x10'^ atm was prefemble for the 
purification of benzene by removal of thiophene, which will be discussed below. One 
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disadvantage of Na-ZSM-5 was small adsorption capacity owing to the small pore 
volume, as clearly seen in Figure 4. 

Activated carbon and modified activated alumina. The thiophene and 
benzene adsorption isotherms on activated carbon (Type PCB) and modified activated 
alumina (Selexsorb CDX) are shown in Figure 1 1 and Figure 12. PCB activated carbon 
is commercially designated for use in liquid phase or vapor phase applications such as 
recovery of alcohols, chlorinated hydrocarbons, hydrocarbons and arpmatics. Selexsorb 
CDX is specially formulated by Alcoa Industrial Chemicals for adsorption of polar 
or^ic compounds including sulfiir-based molecules (meicaptans, sulfides, disulfides, 
thiophenes), nittogen-based mdlecules (nitriles, amines, pyridines) and oxygenated 
hydrocarbon molecules (alcohol, glycols, aldehydes, ketons, ethers, peroxides). More 
benzene tiian tiiibphehe was adsorbed ori both activated carbon and modified activated 
alumina at pressures below 1x10"^ atm. This iS surprising because Selexsorb was thought 
to adsorb thiophene more selectively than benzene. This result indicates that 
polarizability may play a more important role (than permanent dipole moment and 
magnetic stisceptibility) in adsorption on these two sorbents. At pressures higher than 1 x 
10'^ atm, pore filling dominated hence benzene adsorbed less than thiophene because of 
the larger molar volume of benzene than thiophene. 

Comparison of thiophene adsorption on all sorbents. Thiophene 
adsorption isotherms on all sorbents are compared in Figure 13. It is clearly seen that , 
Ag-Y and Cu-Y could adsorb significantly larger amounts of thiophene even at very low 
pressures. 

Purification capability 

For purification, as has been shown for the removal of ppm levels of 
dienes from olefins, an important consideration is the separation &ctor, and the 
separation factor should be evaluated at law^ concentrations of the solute but at high 
concentrations of the solvent In other words, the capacity for the dilute solute (at ppm 
level) is a fitctor that determines the purification. As stated above, the separation &ctor 
(a) is given by: 

ai2 = XiY2/(X2Yi) (2) 
where X and Y are mole fractions in the adsorbed and fluid phases, respectively. In our 
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case, component 1 is thiophene and component 2 is benzene. A further important 
parameter is the capacity of the sorbent for the solute at low concentrations. Hence, the 
ability of the sorbent for purification depends on the amount of thiophene adsorbed at the 
'ppmievels. - -v •■ ' ^ 

To estimate the adsorption amount in the miTCture of thiophene and 
benzene, the pure-component adsorption data were first fitted by both D-A (Dubinin- 
Astakhov)andI^F(Ianginuir-FreundH^ The separation &ctors of 

thiophene over benzene were then obtained using the equivalent multi-component 
isbtbenns, as desoribed previously. The conversion q^llmolar adsorbed amount to 
vblunMric adsorbed amount and vice versa were performed in the s^xm way as Doong . . 
and Yang. The molar volumes of thiophene m this work were 79.7 cc/mol at 90 83.0 
cc/mbl at 120X and 89.8 cc/mol at 180X, andlhose of benzene were 90.5 cc/mol at 
90^e, 94.6 cc/mol at 120^G and 102.9 cc/mol at 180*>C. The adsorbed molar volumes 
ware assumed to be the same in both single- and mixed-g^ adsorption. Separation 
fiictors were calculated for two cases: IxlO^^atm thiophene/1 atm benzene and 1x1 0*^ atm 
tiiiophiene/l atan benzene. ^ 

The paiameters for the D-A and L-F equations are given in Table 8 and 
the resulting separation fitctors are listed in Table 9. Some of the D-A parameters were 
not applicable for the Doong/Yang model for mixtures, when the volumetric adsorbed 
amount of benzene was much higher than that of thiophene. The separation fectors of 
thiophene over benzene follow the order. Ag-Y > Na-ZSM-5 > Cu-Y = activated carbon 
» Na-Y » H-US Y = modified activated alumina. This order can be explained as 
follows. As described earlier, the ability of the sorbent for purification depends on the 
amount of thiophene adsorbed at the ppm levels, compared with the amount of benzene 
adsorbed at high concentration. Ag-Y and Na-ZSM-5 showed feirly flat isotherms of 
thiophene over tiie entire partid pressure range, resulting in tiie higlher separation fectors. 
In feet, Ag-Y and Na-ZSM-5 maintained 65% and 47% of thiophene adsorption amounts 
at 2.3x10"^ atm compared with those at 1 .3x10"^ atm, respectively. The advantage of Ag- 
Y against Na-ZSM-5 was forther enhanced by the feet that Ag-Y was slightiy selective 
for thiophene than benzene, while thiophene/benzene isotherms on Na-ZSM-5 were 
virtually the same. On the other hand, Cu-Y and activated carbon could adsorb a certain 
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amount of thiophene/benzene, but smaller adsorption amounts at lower pressures reduced 
the separation fectors considerably. Only 18% and 5% of thiophene adsorption amounts 
were retained by Cu-Y and activated carbon between 2.5 x 10"^ atm and 1.3x10"^ atm, 
respectively. Larger adsorption amounts of benzene than thiophene by Selexsorb CDX 
made the sepamtion &ctor of this sorbent extremely low. 

Another important parameter for purification is the sorbent capacity for 
the solute at veiy low concentrations, i.e., for thiophene at ppm levels. The sorbent 
capacities are shown in Figure 13. At2.3xl0"-atm,the capacities for thiophene follow 
order Ag-Y & Cu-Y >> Na-ZSM-5 >;?activated carbon > Na-Y > modified alumina 
& H-USY. Based on these two key parameters, the ic-comjplexatipn sorbents are clearly 
the best 

Heat of adsorption 

Heats of adsorption were calculated using the Claiisius^lapeyron 
eqtiation from isotherms a:t two different temperatures, and are shown in Table IQ. All 
the heats of thiophene/benzene adsorption had the tendency to decease as Ihe loading 
increased. This is a common phenomdnon for the sorbents such as ion-exchanged 
zeolites that have heterogeneous sites. The heats of adsorption on activated carbon, in 
particular, ranged widely from 23.9 kcal/mol (at 0.5mmol/g loading) to 8.0 kcal/mol (at 
3mmol/g). Ag-Y and Cu-Y exhibited the higher heats of adsorption than Na-Y for both 
benzene and thiophene; it is believed due to Tc-^omplexation. More importantly, the heats 
of adsorption for thiophene were higher than that of benzene. These experimental results 
can be explained by molecular orbital calculation and NBO analysis, which will be 
discussed shortly. 

At the low loading of 0.5 mmol/g, Na-ZSM-5 showed nearly the same 
heats of adsorption as Na-Y for both thiophene and benzene. The different pore 
dimensions (5.2-5.6 A for ZSM-5 vs. 7.4 A for Na-Y) apparently had no influence on the 
heats of adsorption. It is not clear why the amounts adsorbed on Na-Y decreased sharply 
at veiy low pressures while that on Na-ZSM-5 maintained. 
Bond Energies, G^mefries and NBO results 

The energies of adsorption calculated using equation 1 for thiophene and 
benzene are svunmarized in Table 1 1. The theoretical calculations indicate that the ro- 
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complexation strengths follow the order CuZ > AgZ and more importantly, thiophene > 
benzene. This trend is in agreement with the experimental data, in Table 10. In feet, the 
molecular orbital results on CuZ and AgZ are in excellent agreement with flie 
experimental data. Both chloride and zeolite models were used as the anion in the 
theoretical calculations, "while only zeolite fiamewodc was the anion in the experiment It 
is believed that the anion has a large effect on the 7C-complexation bonds. The bond 
energies on ihe zeolites (Z) are significantly higher than that on the chlorides (Table 1 1). 
This result indicates that the zeolite anion is more electronegative than the chloride anion, 
which has be^ revealed by Chen and Yang in their ab initio molecular orbita}^ 
calculations: Ihtfae optimizedistnicturesofthiophenerNfClcpmplex 
betwem the thiophene molecule and Cu ion is about 0.3 A shorts than that of tfiiophene 
and Ag ion for chloride. TheNBO aiialysisissunmiarizedin Tables 12andl3, There is 
some donation of electron charges from the fl:*orbital of thiophene to the vacant s orbital 
of metals known as a donation and, simultaneously, back donation of electron charges 
fixim the d orbitals of metals to tc* orbital (i.e., anti-bonding n orbital) of thiophene or n 
back-donati6n. It appears that the a donation is more predominantfor thiophene and the 
n back-donation is more important for benzene. Comparing the two anions, zeolite anion 
and chloride anion, the NBO results show that both a donation and d-n backdonation 
are significantiy stronger with the zeolite anion bonded to Ag^ or Cu^ The charge 
transfer results again confirmed the experimental data that the relative strengths of the 
complexation bonds follow the order: thiophene > benzene and Cu^ > Ag^ 
Uptake Rates 

Table 14 compares diffusion time constants for Ag-Y, Cu-Y and Na-Y. 
These constants were calculated from the uptake rates using the solution for Pick's law. 
Uptake rates among the three soibents were very similar and no notable differences 
between thiophene and benzene were observed. These rates are reasonably £ist for 
practical applications. 

In this experiment, vapor-phase benzene/thiophene adsorption isotherms 
were investigated to develop new sorbents for desulfiirization. Among the sorbents 
studied, it was foimd that Cu-Y and Ag-Y exhibited excellent adsorption performance 
(capacities and separation fectors) for desul&rization. This enhanced performance 
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compared to Na-Y is believed to be due to the TC-complexation with Cu* and Ag^ 
Molecular orbital calculations confirmed the relative strengths of 7c-complexation: 
thiophene > benzene and Cu^ > Ag^ In an actual desulfiirization process, liquid phase 
adsorptions such as batch adsorption or fixed-bed adsorption column around room 
tempeiatuies are viable options. Liquid phase experiments are described herein. Even in 
the case of liquid phase separation, enhanced selectivities based on 7t-cbmplexatton 
studied in this experiment are applicable. 

Tabled. ThiophenrAdsorption Amount Normalized by Cation Content, 
(thiophene/cation molar ratio) 



Adsorbent 


Ag-Y 


Cu-Y 


Cations for n-complexation 


Ag* 


Cu* 


Cation Content in Zeolite (wt%) 


38.2 


8.29 


Amount Adsorbed (molar ratio) 


0.42 


0.92 
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L-F Equation 






D-A Equation 










qo 


B 


n 


qo 


Vo 


C 


n 


Ps 








rmmol/firt ri/atm^ 




fipmol/fj) 








fatnri) 


Ag-Y 


Benzene 


120 -C 


3.133 


3.40 


7 C7 


2.416 


0.2286 




l.OO 


2.96 






180 


2.032 


155.5 


1.85 


2.008 


0.2066 


0.0786 


4.57 


10.07 




Thiophen 


120 


3.200 


4.416 


6.59 


Z9S6 


0.248 


0.0609 


1.12 


^68 


■ ■ ■ 




180 «C 


2.602 


6.13 


4.77 


2.329 


0.2091 


0.0699 


1.87 


9.42 


Cu-Y 


Benzene 


90 «C 


2.989 


292.6 


1,76 


2.940 


0.266 


0.0889 


4.36 


1.34 






120 °C 


2.897 


178.6 


1.59 


2.929 


0.2771 


0.1008 


3.95 


2,96 




Thiophen 


90 «C 


3,910 


196.4 ' 


1.80 


3.826 


0.3048 


0.0935 


3.99 


1.19 






120 ^'C 


3.548 


121.5 


1.65 


3.548 


0.2946 


0.1010 


381 


2.68 




Benzene 


120 •€ 


2.781 


13985 


0.89 


Z7BB 


0.2639 


. 0.0980 


6.80 


2.96 






180 -C 


2.820 


449.0 


0.90 


ZZ7Z 


0.2956 


0.1200 


4.73 * 


10.07 




Thiophen 


120 ?C 


a681 


13548 


0.84 


Z658 


0,2207 


0.1050. 


.7.30 


a68 






180 °C 


2.739 


15001 


0.50 


2.846 


0.2555 


0.1330 


7.54 


9.42 


PCBAC 


Benzene 


90 


7.828 


4.47 


2.46 


6.329 


0.5725 


0.1638 


1.71 


1.34 






120 »C 


6.312 


4.254 


2.16 


6.197 


0.5863 


0.1847 


1.62 


2.96 




Thiophen 


90 •C 


7.231 


5.54 • 


2.29 


8.936 


0.7118 


0.2246 


1,24 


1.19 






120 «C 


6.996 


6.39 


1.66 


7.236 


0.6009 


0.2193 


1.59 


2.68 


Na-ZSMS 


Benzene 


90 'C 


0.928 


17.15 


3.43 


0.987 


0.0893 


0.0810 


1.44 


1.34 






120 


0.795 


14.66 


3.47 


0.826 


0.0781 


0.0793 


1.64 


2,96 




Thiophen 


90 °C 


1.023 


16.91 


3.27 


1.036 


0.0825 


0.0880 


1.79 


1.19 






120 


0.811 


16.36 


3.30 


0.856 


0.0711 


0.0832 


1.70 


2.68 


Selexsorb CDX 


Benzene 


90 ''C 


1.182 


1196.6 


1 ^ 


1.176 


0.1064 






1.34 






120 "^C 


1.096 


75902 


0.71 


1.109 


0.1049 


0.1049 


8.14 


2.96 




Thiophen 


90 '^C 


1.223 


29720 


0.79 


1.239 


0.0987 


0.1141 


6,78 


1.19 






120 ''C 


1.134 


133016 


0.55 


1.158 


0.0962 


0.1265 


8.20 


2.68 


HUSY 


Benzene 


90 °C 


4.258 


568.1 


0.48 


4.359 


0.3943 


0.2800 


4.21 


1.34 






120 "C 


3.895 


63.573 


0.53 


4.100 


0.3879 


0.2825 


3.63 


2.96 




Thiophen 


90 »C 


4.568 


382.1 


0.51 


4.689 


0.3735 


0.2939 


3.55 


1.19 






120 


4.356 


24.41 


0.61 


4.599 


0.3819 


0.2820 


4.07 


2.68 
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Table Separation Factors estimated by the D-A and LF 


Equations at 120 


•C. 




LF Equation 


DA Equation 


ThI Anhene^atm^/Benzenef atm) 


1E4/1 


lE-5/1 ' 


lE-4/1 


lE-5/1 


Air V 


3300 


23000 


1600 


11000 


Cu-Y 


31 


78 


360 


700 


NaY 


0.16 


0.10 






PCBAC 


64 


160 


33 


83 


Na-ZSM5 ■ 


700 


3500 


. ««* 1) 


*** 1) 


SelexsorbCDX 


9.6E04 


l;5E-04 


•«• 1) 


. MH» 1) . 


H-USY 


1.2E-03 


2.7E-04 


, ««* 1) 





1) Not applicable to Doong/Yang extension. 
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Table- Heat of adBorpton(kcatfmoDcalcdated from isotherms at differ^ 





Na-Y Ag-Y CuY HAJSY Na-ZSM5 Activated Carbon 


AcOvated Alumina 




(Si/Als2.43) ISm^AS) (Si/AI»2.43) (8i/AI"195) 


TVpe PCB 


Seiexsorb CDX 


Thiophene 


19.1-19.6 21.3-21.5 20.8-22.4 7.9-11.2 18.8-19.2 


8.0-23.9 


16.1-17.5 




(0.5-2.0) (15-1.7) (2.0-3.0) (0.1-0.3) (0.45-0.60) 


(0.5-3.0) 


(0.2-1.0) 


Benzene 


17.0-18.2 19.0-20.1 19.3-21.8 6.6-13.1 16.5-17.9 


13.1-16.1 


16.8-19.6 




(1.5-2.0) (1.5-1.8) (1.8-2.5) (0.1-0.5) (0.45-0.65) 


(1.0-3.0) 


(0.6-1.0) 



^ Numbers In parentheses IndicatB ihe adsorption anrtounts (mmol/g) for cak^ 

the Hfals of adsorption decreased wi^ . .. 
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Table 1 1 . Summaiy of eneigies of adsorption for Ifaiophene and benzene in kcal/mol 
calculated from molecular orbital Ifaeoiy CZ denotes Zeolite anion) 
Eads(Ihiophene) Ead>(Benzene) 

CuCi 131 '. 12.4 

AgCl 9.0 8.6 

CuZ 21.4 20.5 

AgZ 20.0 19.1 



Table 12. Summaiy of MBO analysis* of 7i-complexation between thiophene and 
MCl/MZ. 

C->M interaction M->C interaction 

(o donation) (d-ic*backdonation) Net Change 

MX . qi . q2 qi+ q2 

CuCI 0.037 -0.022 0.015 

AgCl 0.022 -0.014 0.008 

CuZ 0.112 -0.063 0.049 

AgZ : 0.101 -0.086 0.015 

* qi is the amount of electron population change in valence s orbitals of the metal, and qz 
is the total amount of electron population decrease in valence d orbitals of the metal. 



Table 13. Sununaiy of NBO analysis* of n-complexation between beozene and MCl/MZ 

C-»M interaction M— >C interaction 

(a donation) (d - n backdonation) Net Change 

MX qi 32 qi+ q2 

CuCl 0.011 -0.013 -0.002 

AgCl 0.003 -0.007 -0.004 

CuX 0.078 -0.119 -0.041 

AgX 0.043 -0.045 -0.002 

* qi is the amount of electron population change in valence s orbitals of tiie metal, and q2 
is the total amoxmt of electron population decrease in valence d orbitals of the metal. 
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Table IH Diffusion Time Constants (1/s) of Tliiophene and Benzene 





Thiophene 




Benzene 


• 




Pressure Change 


D/n 


Pressure Change 


D/r* 




fatm) 




ratm) 




Ag-Y 


1.9E-5 ■ 1.6E-4 


2.0E-05 


5.7E-5 - 5.5E-4 


5.4E-05 




5.6E-4- 1.8E-3 


3.3E-04 


5.5E-4 - 5.4E-3 


1.8E-04 




1.8E-3 - 1.5E-2 


1.2E-04 


■ 5.4E-3 - 2.6E-2 


4.2E-04 


Cu-Y 


2.3E-5 - 8.8E-5 


1.3E-05 


3.2E-5 ■ 1.2E-4 


2.0E-05 




8.8E-5 • 4.0E4 


2.3E-05 


1.2E-4- 5.4E-4 


5.2E-05 




4.0E-4 • 2,2E-3 


1.5E-04 


5.4E-4 - 3.0E-3 


3.3E-04 




O OCT O 1 OCT O 

2.2c-o • l.oc-2 


1.4E-04 


3.0E-3 - L8E-2 


3.7E-04 


Na-Y 


8.8E-5 - 4.0E-4 


1.7E-05 


0- 1.5E-4 


1.5E-05 




4.0E-4 • 2.2E-3 


. 1.6E-04 


1.5E-4- 5.5E-4 


2.6E-05 




2.2E-3 - 1.3E-2 


2.8E-04 


5,5E-4 • 5.4E-3 


5.6E-04 




1.3E-2 • 2.9E-2 


5.4E-04 


5.4E-3 • 2.6E-2 


2.4E-04 



36 



wo 03/020850 



PCTAJS02/28040 



As mentioned hereinabove, it has fiiither been fortuitously found that 
the sorbents of the present invention also are excellent soibents for removal of 
aiS>matics. A detailed description of removal of aromatics follows. 
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Adsorption of b^izene and cyclohexane on various Y-zeolites was investigated in 

order to develop sorbents for the purification of aliphatics by removal of aromatics. Ag- Y showed 

superior bmzene^cyclohexane selectivities than Na- Y, Pd-Y and H-US Y. Separation &ctors 

greater than 10^ were obtained with Ag-Y at low (concentrations of benzoia The high 

selectivities wore achieved by the strong interaction between baizene and Ag-Y, while the 

int^action with cyclohexane was not influenced by the cations. Molecular orhttal calculation 

revealed that benzene formed classical Tc-complexation bond with Ag-Y: donation of electron 

charges firom the p-orhitals of benzene to the vacant s-orbital of the silver (a donation) and» 

siix^bltaneousl^, back donation of electron dharges from d-orbttals o£^ilver to orbital of 

- benzene (d-7c* back idonation). Grand canonical Monte Carlo simulations w^e also performed for 

the adsorption isotherms. Potential parameters of benzene on Ag-Y including 7i-cbmplexation 

• . . • ■ ' ■ , • ■ • . ■? 

were first developed. GCMC simulation and experiments were in excellent agreement for 

adsorption of benzene on Y-zeolites. 

Purification of aliphatics by removing arontiatics is important in both petrodiemical 
gidustry and for pollution control Because benzene (and arornatics) is kiiown to be high^ 
carcinogenic, concentration of benzotie needs to be minimized in the automotive fiieL A number 
of separation processes have been employed to reduce the benssene concentration in a refinery's 
gasoline pool, so that it meets new reformulated gasoline requiranents. In a typical benzene 
reduction process, a combination of extraction and distillation is used (Jeannaret, 1997). Also, 
removal of aromatics firom kerosene inq)roves the clean burning properties of the fiiel and 
separation of the aromatics fi^om the isoparaffins and naphthenes in lubricating oils improves the 
viscosity-temperature relationship (Bailes, 1983). 

Because of the importance of aromatics/aliphatics separation and the problems 
associated with current separation processes, possible alternatives have been under continuing 
investigation. These include pervaporation (Hao et al, 1997), Uquid membranes (Li, 1968), and 
the use of liquid inclusion complexes (Atwood, 1984). Purification of dilute aromatics fi-om 
aliphatics (e.g., toluene and/or xylene in heptane) by temperature swing adsorption (TSA) vms 
studied in the liquid phase (Matz and Knaebel, 1990). Commercially available sorbents were used: 
silica gel, activated alumina, activated carbon, zeolite 13X, and polymeric resin (XAD-7). Among 
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these sorbents, silica gel was considered the best due to its superior thermal-exchange capacity. 
However, the selectivities were low. 

Adsorption is playing an increasingly important role in separations. However, its 
utility is limited by the availability of selective sorbents. The conventional sorbents and separations 
using them are based on van der Waals and electrostatic interactions between the sorbate and the 
sorbent Studies of new sorb^its using weak diemical bonds such as chemical con^lexation have 
begun onfy recently in our laboratoiy. As suggested by King (King, 1987), chemical 
complexation bonds are general^ stronger than van d^ Waals interactions, yet weak enough to 
be rev^ible. Th^efbre, tremendous opportunities ^t for developing new sorbents ami new 
applications in separations by using weak chemical bonds, imchiding various forms of 
complexation bonds. 

The 7c-complexation is a sub-class of chemical complexatioa It pertains to the 
main group (or d-block) transition metals, i.e., from Sc to Gu, Y to Ag, and La to Au in the 
periodic table (Cotton and Wilkinson^ 1966). These metals or their ions can form the normal a- 
^ ? bond to carbon and, in addition, the unique characteristics of the d orbitals in these metals or ions 
can form bonds with unsaturated hydrocarbons in a nonclassical itiannier. This type of bonding is 
i/)broadty referred to as 7C-complexatioa This 7C-conq)lexation has been seriously considered for. 
olefin/parafiBn separations using liquid solutions containing silver or cuprous ions (Quinn, 1971; 
Ho et al, 1988; Keller et aL,1992; Blytas, 1992; Eldridge, 1993; Saferik and Eldridget. 1988). 
These involved gas-liquid operations. While gas-solid operation can be simpler as well as more 
efficient, particularly by pressure swing adsorption, the list of attempts for developing solid 
conq>lexation sorbent is a short one. 

More recently, several new sorbents based on Ti-complexation were prepared for 
selective olefin adsorption. These included Ag^-exchanged resins (Yang and Kikkinides, 1995; 
Wu et aL, 1997), monolayer CuCl on pillared clays (Cheng and Yang, 1995) and monolayer 
AgN03/Si02 (Padin and Yang, 1997; Rege et al., 1998; Padin and Yang, 2000). Moreover, Ag 
ion-exchanged Y-Zeolite was developed to purify butene by removing trace amounts of butadiene 
(Padin et al, 1999). The purification performance of this sorbent was superior to that of NaY 
owing to Tc-complexatioa 
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It is possible, in principle, to purify aromatics from alq>hatics based on tc- 
con^le?catioa In the benzene molecules, the carbon atom is sp^ hybridized. Hence, each carbon 
has three sp^ orbitals and another Pz orbital. The sbc Pz orbitals in the benzene ring form the 
conjugative n bonds. The Pz orbitals also form the antibonding orbitals, which are not 
occupied When benzene interacts with transition metals, the Tc-orbitals of benzme could overlap 
with the &npty or unfilled outer-shell s orbital of the transition metal to form a a-bond 
Furthermore, the vacant antibondiiig 7C*-orbitals of baazene could overlap with the d-orbitals in 
tihe transition metals, similar to that formed in the blefin-Cu'*' bond (Huang et al, 1999a). In this 
work," Ajg* and P<f ^ ionnexc^ged zeolites were selected for the study of aromatics/aliphatiGl^ 
separations, since these two cations have the most promising 7i;-conq)l&cation capabilities, and 
they are stable. In order to understand the effects of TC-complexation, Ag^ and Pd^^ ion-e?cchangeds 
zeolites were cpmpiared with that of Na*^ ion-exchanged zeolite and ia high-Si02 .:^Ute. : . 

Benzene and cyclohexane are an ideal pair of model compounds for stilling 
selective sorbents for purification These molecules have similar shapes^ polarizabilities and 
volatilities (the boiling poinbs are 80 for benzene and 81 X for cychhexaxie). The kinetic 
diameter of bmzeiie, v^ch is calculated from the minimum equilibrium cross-sectional diameter, 
is estimated to be 5.85 angstrom compared with 6.0 angstrom for (^clohexane (Bredc, 1974). 
Th^efore, benzene and cyclohexane were used in this work. 

In addition to the experim^ital investigation, molecular orbital calculations were 
performed to obtain a basic understanding of the origin of the strong interactions of Ag ion- 
exchanged zeoUte with benzene. Moreover, grand canonical Monte Carlo (GCMC) simulations 
were used to simulate/predict the isotherms. Many GCMC studies have been performed for 
predicting adsorption isotherms in zeoUtes. These include N2, O2, Ar, Xe, CH4, C2H4 and C4H10 
on zeolite-A, X, Y and MFI-type Zeolite (Woods and Rowlinson, 1989; Razmus and Hall, 1991; 
Kravias and Myers, 1991; WatanabeetaL, 1995). Adsorption ofbrazene on NaY,Heulandite and 
MFI-lype zeolites has also been studied (Snurr et aL, 1994; Kitagawa et al., 1996; Klemm et al., 
1998; Laboy et al, 1999). However, these studies did not involve the efifects of 7c-con^lexation 
on adsorption. In this study, benzene adsorption isotherms on Ag ion-exchanged Y-zeolite were 
simulated 
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Experimental Details 

Sarbent Preparation 

The sorbents in this work were ionrcxdianged zeolites. From earlier results on 
olefin/paraflBn separations (Yang and Kikkinides, 1995; Wu et aL, 1997; Cheng and Yang, 1995; 
Padin and Yang, 1997; Rege et at, 1998; Padin and Yang, 2000), Ag^ and Pd^^ were the most 
promising ions because of fheir strong 7iKX>n^lexation abilities. 

lonrexdbange of zeolites was accomplished with aqueous solutions. Faujasite was 
selected as the zedKte framework structure for ion-exdiange, because of its large pore aperture 
(7.4 angstrom), l^e pore volunie (0.489 ml/ml) and wide range of SiOi/AfcOs ratiQ9(l-oo). Two 
as-received zeolites, Na-type Y-Zeolite (Na-Y, Si/Al==2.43, Strem Chenucal) and H-type utoa- 
stable Y-Zeolite (H-USY, Si/AI=195, TOSOH CORPORATION, HSZ-390HUA), were used in 
this study. Pd^* type Y-Zeolite was prepared by ©cchanging Na- Y zeolite with Pd(N03)2 
:v(Aldridi) in an aqueous solution (Li et at, 1994). First, Na-Y was exchanged using 2-fold excess 
f of Pd(N03)2 (0.005M) at 80 for 24h. After the exchange, the zeolite suspOTsion was filtered 
r and washed with copious amount of deionized water. The product was dried at 110 ''C overnight 
% tin air, Ag^ ionrexchange was prepared at rbom temperature for 24 h in the same manner as Pd^* 
^^wshange, using 2-fokl excess AgNOs (0. IM). 
Adsorption Isotherms and Uptake Rates 

Single component isotherms for benzene and cyclohexane were measured using 
standard gravimetric methods. A Shimadzu TGA-50 automatic recording microbalance was 
employed Helium (Pre-purified grade, Metro Welding, 99.995%) was used as the carrier gas and 
was jBrst passed through two consecutive gas-wash bottles (to ensure saturation) which contained 
benzene (HPLC grade, Sigma-Aldrich, 99.9+%) or cyclohexane (HPLC grade, Aldrich, 99.94%). 
After diluting the concentration to the desired value by blending with additional helium (total 
flowrate: 250 cc/min), the nuxture was directed into the microbalance. 

Isosteric heats of adsorption were calculated using the Ckusius-Clapeyron 
equation from isotherms at different temperatures. Nitrogen isotherms at 77K measured with a 
Mcaromeritics ASAP 2010 system were used for pore size distribution and pore vohime 
determination. Pore size distributions were calculated with Horvath-Kawazoe equation (Horvath 
and Kawazoe, 1983; Cheng and Yang, 1994). Pore volumes were calculated at 0.95 P/Po. The 
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overall diffiision time constants, D/r^, were calculated from the uptake rates (Yeh, 1989). In tbis 
work, the short time region was used. 
Molecular Orbital Calculation Details 

The 7t-complexation bonding between olefins and sorbents have been extensively 
investigated using molecular orbital (MO) calculations (Chen and Yang, 1996; Huang et aL, 
1999a, 1999b). More recratly, MO studies were extended to benzene adsorption on various salts 
such as CuCl and AgCl (Takahashi et al.). In this woric» similar MO studies for b^izene 
adsorption on Ag ion-exchanged zeolite were performed using a cluster model of Ag-zeolite. The 
Gaiissiah 94 Progam (Frisch et al, 1995) in Cerius2 inol^sular modeling software (Bowie, 1995) 
from Molecular Simulation, Inc. was used for calculations. MO calculations for benzene.and Ag 
zeolite were performed at the Hartree-Fock (HF) and density functional theory (DFI) level The 
3-21G basis set is the split-valence basis set, which has been used successfuHy fo^ liian^ 
simulations for benzene adsorption on zeolites (O'Mallqr and Braithwaite, 1995), protonation 
reaction of propylene and isobutene on zeolite (Virua^-Martin et al., 1993) and O2, N2 and C2H4 
adsorption on Ag-Zeolites (Chen and Yang, 199^. The reliabiUty of this basis .set has been 
confirmed by the accuracy of calculation results in conq^arison with expmnlental data. Th^efore, 
the 3-21 G basis set was employed for both geometry optimization and natural bond orbital 
(NBO) analysis. 

Geomehy OpUndzfltion and Energy of Adsorption Cdlculations 

The restricted flartree-Fock (lOlI^ theory at the 3-21^ 
determine the geometries and the bonding energies of benzene on Ag zeolite cluster, since Ag^ 
has filled d-orbitals witih spin - 1. 

The computational model used for Ag zeolite were the same as that used by Chen 
and Yang (Chen and Yang, 1996), since this model yielded heats of adsorption of N2 and C2H4 on 
Ag zeolite that agreed well with experimental data. The simplest cluster model, (H0)3Si-0(Ag)- 
A1(0H)3, was chosen for this work. The optimized structures were then used for bond energy 
calculations according to the following expression: 

Eads ^ Eadsorbate Eadsoibent "* Eadsoibentsidsoibate (1) 

Where EadsoAate is the total energy of benzene, Eadsoibean is the total energy of the bare adsorbent ia, 
the Ag zeoUte cluster, and EadsoAart-adsoibate is the total energy of the adsorbate/adsorbent system. 
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Natural Bond Orbital (NBO) Analysis 

The optimized structures were also used for NBO analysis at the B3LYP/3-21G 
level The B3LYP (Becke, 1993a) approach is one of the most useful self-consistent Iqrbrid 
(SCH) approaches (Becke, 1993b), which is Beckers 3-paramet«r nonlocal exdiange functional 
(Bedk^ 1992) with the nonlocal correlation functional of Lee, Yang and Parr (Lee et al., 1988). 

The NBO analysis performs population analysis pertaining to the localized wave- 
function properties. It gives a better description of die electron distnbution in compounds of high 
ionic diaracter, such as those containing metal atoms (Eteed et aL, 1985). It is known to be 
sensitive for calcuktiqg localized weak int^rgt^ions, such as charge transfer, hydrogra bonding 
and weak chemisorption. Therefore, the NBO program (Glendening et aL, 1995) was used for 
studying the electron density distribution of the adsorption system. 
Monte Carlo Simulation Details 

Grand canonical ensemble (at a fixed pressure) Monte Carlo simulation yms 
performed utilizing the Cerius2 molecular modeling software (Bowie, 1995) on a Silicon Graphics 
Indigo2 workstation running IRIX v.6.5. After the "'ciystal builder"', module was used to set up 
the zeolite models, energy e^qpressions and parameters for force field were iiq>ut by the 'Torce 
field editor" module. The '^sorption'' module was then used for benzene adsorption simulations. 

The simulation was performed at 120 ^'C and 180 for at least 1,000,000 
configurations. During the simulation, the sorbate molecules interacted with the potential field 
generated by sorbate-soibent and sorbate-sorbate interactions. The initial configurations contained 
no sorbate molecules. Each subsequent configuration was generated by one of four moves: 
CREATE, DESTROY, TEMJSTSLATE and ROTATE. Molecular creation attempts were made at 
random points within the accessible portion of the zeolite lattice with the criterion that there be no 
overlapping sites (te. creations which results in interaction sites which were closer than half the 
sum of the van der Waal's radii of the two sites were rejected). Translation and rotation were 
performed with the same rejection criterioa For non-overlappitig sites, the drnige in the potential 
energy accompanying the new configuration was calculated and subsequently accepted or rejected 
in accordance with standard acceptance probabilities (Molecular Simulation Inc., 1998). 
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ZeoUteModeb 

The stmcture determined from powder neutron diflSuction data by Fhdi et aL 
(Fitch et al., 1986) was used as the structure for Na-Y Zeolite (Si/At=2.43). The location of the 
Na cations were 32 atoms on Sn sites, 16 atoms on SI sites and 8 atoms on SF sites. Na cations 
on SI and Sr sites were located in such a manner that two adjacent SI and SI' were not 
simultaneous^^ occupied This is due to the electrostatic rqpulsion caused by their small separation 
of 0.218 nm (Fitch et aL, 1986). The position of Al in tiie framework was randonily chosen usipg 
the ''disorder^' function in the "'crystal builder"" module that obeyed the Loewenstein nile. No 
charge-free ^'blpckit^atom'" was added because large molecules sudb as bem:ene^;;ere not 
located in the site, v^ch was actuaJly stm 

For fhe simulation of Ag ionrexchanged zeolite (Si/AH2.43)» the Na cations in Na- 
Y were replaced by Ag maintaining the same cation locations. An all silica Y-Zeolite structure 
was used to simxilate Ultras-Stable Y-Zeolite (Si/Al==195) since this zeolite has less than one Al 
atom per unit cell. 

Until recently, the location of the Ag cation was not accurately determined. Using 
neutron diffraction data, Hutson et al (Hutson et al., 2000) reported the Ag location and 
occupancies of Ag in Ag-Y (Si/At='2.43) after 450 ddiydratioa Ilieir results showed that the 
Ag cation sites were 28 atoms on Sn sites, 4 atoms on SII' site, 11 atoms on SI sites and 12 
atoms on SF sites. Simultaneous occupancy of Ag cations at Sn and SII' as well as SI and SI' 
sites was unlikely due to the large repulsioa This location is very similar to the location of Na 
cations in Na-Y reported by Fitch et al (1986). Th^efore, the zeolite model for Ag-Y used in this 
work is considered to reflect the actual Ag cation locations in Ag-Y (Si/Al=2.43). 
Fon^flddDetemdnaiion 

One of the most important fectors for GCMC simulation is the selection of an 
energy ejqjression and parameters for the forceMd The forcefield used in these simulations was a 
modified version of Cerius2 Sorption Dementis Forcefield, since Dementis et al simulated the 
mobility of benzene in Na-Y zeolite successfiilly using molecular dyuamics methods (Dementis et 
al, 1989). In this model, the total potential energy (Ujotai) between the zeolite lattice and 
adsorbate molecules is written as the sum of the interactions between adsorbate molecules(AA) 
and that between the adsorbate molecules and the zeolite lattice (AZ). 
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Ur^^U^+U^ (2) 
Interaction between adsorbate molecules (Uaa) were described as the sum of the atom-atom 
Buckingham potentials (the first and second terais below), which have shown to yield reasonable 
predictions for liquid and soUd benzene (Williams and Cox, 1984), and the Coulombic interaction 
potentials (the third term below). 



C/y=4exp(-Vff)-7T + 



r \ 



(3) 



The first and second terms represent, respectively, the repulsive and disparsi^e potential energies 
betwe^sites "f ' and "f, and the third term represents the interactioa^iptential between point 
charges qj and qj of sites "i" and "j" separated by a distance ry. 

The intanctions between the adsorbate molecules and the zeolite lattice (Uaz) is 
written as the sum of the atom-atom Lennard-Jones 12-6 potential and the Coulombic interaction 
potentials. 



^l2 / 



r \ 
Ml 



(4) 



Following the empirical approach used by Razman and Hall (Razmus and Hall, 
1991), Watanabe et aL (Watanabe et aL, 1995) used the empirical approach to parameterize the 
forcefield for adsorption of N2, O2, and Ar in type A and &ujasite zeolites. The dispersive part of 
tfie Lennard-Jones 12-6 potential (Udispemon) was written using an adjustable parameter (ft) of the 
adsorbate and the polarizabilities (a) of the atoms of the adsorbate molecules (i) and in the zeolite 
lattice (j). 



Hie potential energy well depth parameter, ey ,is then written as 



(5) 



(6) 



The Lennard-Jones parameter, cr^ for the adsorbate-zeolite interaction is given by the mbdng rul^ 
= (7, 
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The aj for the zeolite lattice are related to the van der Waals radii, R}, of tfie respective ions fay 

/^=2^«<T^ (8) 
The weU dq>th parameter, ^ , is assumed to be a geonietric comb^^ 

■ %=(i^)'"' ■ {9) 

The van der Waals energy in the periodic framework was calculated using a nimimum image 
convention with an interaction cut-off distance of 1 tm The Coulombic term was evaluated using 
the Evald summation method (Men and Tildesley, 1987). 

The potential parameters used for Na-Y, Ag-Y and H-USY are listed in Table 15. 
The potential parameters for Na-Y are the same as that of Demontis et al (Dementis et al., 1989). 
Van der Waals interactions between adsorbate and zeolite cage were modeled by means of 
interactions between the (CJB) (Na»0) atoms. Interactions witii the Si and Al atoms we^e 
neglect^ because the/ were well shielded fay the o^g^ea atoms of the 8164 and AIO4 tetrahedra 
Electrostatic interactions between all charges were included in the potential energy calculation. As 
for Ag- Y and all siUca Y zeolites, modification of parameters was performed using the mixiqg rule 
and the geometric combination rule. The detaiiled scheme for parameteris^ioh will be discussed 
shortly. 

Assignment of c/iarges for adsorbate and adsorbent 

Assignment of charges also has a significant impact on simulation results when the 
Coulombic interactions are not negUgible. In this work, the existing model for benzene in Cerius^ 
was used. In this model, each carbon in benzene carries -0.093 point clwge, while hydrogen 
carries +0.093. These values were nearly the average values from the various charge 
determination methods: MOPAC (0.1022), ZINDO (0.072) and charge equiHbration method (Qeq) 
by Rappe and Goddard (0. 1 147) (Rappe and Goddard, 1991). 

The point charges of zeolite were assigned either by (1) using the point charges in 
the lit^ature or (n) calculating by means of the charge equilibration method in the Cerius2 
software. In this work, Na, Si/Al, O in Na-Y carried the charges of +0.78, +1.2125 and -0.72, 
respectively, since these values were successfully used in quantum mechanics simulations 
(Kitagawa et al, 1996). Here, no distinction was made between Si and Al atoms in terms of point 
charges. Charges of Ag-Y and all-silica Y-Zeolites were calculated by the charge equtliT)ration 
method: Ag(+0.45), Si/Al(+1. 16875), O(-0.65), which will be referred to as Case I for Ag-Y, and 
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Si(+1.2650), 0(-a6325) for H-USY. In order to investigate the eflSect of the assigned charges to 
the isotherm simulation resuks, the same diarges that were used for Na-Y, Le., Ag(+0.78), 
Si/Al(+1.2125) and O(-0.72), were also used for Ag-Y. This case is referred to as Case H for 
Ag-Y. For all cases, r^ardless of the positions of cations and framework atoms (Si, Al, O), the 
same vahies of point charge were assigned to the same atoms throughout the simulation unit cell, 
even though the point charge might vary with the position of the atom The Ag cation charges 
used for M)nte Carlo simulation were also consistent with the values calculated by molecular 
orbital method at MP2/3-21G (Ag cterge : +0.49) or MP2/LaiiL2DZ level (Ag charge : +0.74) 
usii^ the zeolite chister model (Chq^d Yang, 1996). 
Results and Discussion 
Experimental 

Bensuzne/cydohexaneadscTptw 

Pure component isotherms of benzene and cyclohexane were measured for H- 
USY(Si/At=195), Na-Y(Si/Al=2.43), Ag-Y(Si/Al=^.43), and Pd-Y(Si/Al=<2.43) at 120 and 180 
^C, shown in Figures 22-25. Isosteric heats of adsorption calculated using the Ckusius- 
Clapeyron equation are listed in Table 16. 

In the case of H-US Y, the adsorbed amounts of cyclohexane were higher than that 
of benzene at > 0.04 atmosphere. This result qualitatively agreed with calculations using the 
Horvath-Kawazoe theory (Borvath and Kawazoe, 1983; Cheng and Yang, 1994). The threshold 
pore-filling vapor pressures of cyclohexane and benzene at 120 and 180 w^e calculated 
using the spherical pore model of the H-K method. The threshold pressure is the pressure wfaare 
the steep rise in the isotherm occurs. At both temperatures, it was found that the pore-filling 
pressure of cyclohexane was 20 % lower than that of benzene. The reason for this difference was 
the larger polarizability (1 1.0x1 0"^"^ cm^ for cyclohexane and 10.3x10'^'* cm^ for benzene) and 
magnetic susceptibility (11.3x10"^^ cm^ for cyclohexane and 9,1x10"^^ cm^ for benzene) of 
cyclohexane. However, the calculated isosteric heat of adsorption of benzene was slight^ higher 
than that of qrclohexane. A possible reason for the larger heat of benzene adsorption was the 
^tence of H*^ in the zeolite, although the number of proton was extremely small (less than one 
per unit celQ. The interaction between protons in zeolite and 7i-electrons of benzene might be 
stronger than the interaction betwera oxygen in zeolite and benzma Th^efore, the amounts of 
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benz^e adsorption were slightly larger than that of qrclohexane at less than 0.04 atm, leadii^g to 
its higher heat of adsorption 

On all other sorbents investigated in this work, larger amounts of benzene were 
adsorbed at all pressure ranges. Heats of adsorption for benzene w^e 18 kcal/mol for Na-Y and 
21 kcal/mol for Ag- Y, while heats of adsorption for cydohexane were 10-12 kcal/mol for both 
Na-Y and Ag-Y. These results are clearly due to the strong interactions betweaa the cations in 
zeolite and^e benzene molecula Consequent, Ag-Y and Na-Y couM adsorb large amounts of 
benzene evm at the pressure of less than 0.01 atnt The heats of adsorption on Na^Y were 
conqiarable tdfj^revious work (Barthomeuf and Ha, 1973). Most importantly, ^-Y showed the 
strongest interactions for benz^e and the largest heats of adsorption (20.S kcal/mol). For 
(yclohexane adsorption, the adsorption amoiuits and heat of adsorption w^e almost the same 
between Ag-Y and Na-Y, since 7C-compiexation was absent for cyclohexane. A detailed discussion 
will be made in the section of molecular orbital calculation and Monte Ciarlo simidation results. 
These results indicated that improved purification performance of benzene from cyclohexane is 
possible usin| Ag-Y. The isotherms of both Ag-Y and Na-Y are reyereible^ although it took a 
little longer time to desorb benzme and cyclohexane. For example, 200 minutes are necessary to 
desorb benzene conq>letely after the adsorption at 0.1 atmosph^e. This slow desorption is clearly 
due to the strong interaction between benzdie and Ag. However, the bonds are of the order of 20 
kcal/mol, which are weak mough so a substantial fraction of the adsorbed benzene is desorbed in 
a few minutes. For practical applications, themnol desorption nmy be a desirable optica 

Pd-Y gave lower adsorption amounts than both Ag-Y and Na-Y. This decrease of 
adsorption amounts by ion-exchange with Pd was due to degradation of the zeolite structure. In 
Figure 26, the pore size distributions for all sorbents calculated from N2 isotherms at 77 K are 
shown. Pd-Y had a small pore volume with a wide pore size distribution, clearly indicating the 
collapse of the zeolite pore structure or pore blockage by Pd. The Pd ion-exchanged was 
performed at 80 ^C, compared with the Ag ion-exchange at room temperature. Collapsing of 
zeolite structure t^ds to occur considerably more in acidic solution and at higher temperatures. 
The pore volume of Ag-Y also decreased by 23% after ion-exchange. However, this reduction of 
Ag-Y was mainly caused by 37% density increase of the zeolite lattice by replacing Na* with Ag* 
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(27% reduction of pore volume per weight basis). The pore structure of Ag-Y was intact after 
ion-exchange. 

Another interesting phenomenon in Figure 26 k the apparent shift of the pore size 
distribution in H-USY toward a higher vahie, compared to other zeolites. This was likely due to 
the lower polarizability of o^q^en in the framework of high-SiOa zeolites (Pellenq and Nicholson, 
1993), wfaidb will be discussed in detail in the section of Monte Carlo simulation results. 
Otherwise, the interactions between nitrogen and cations in zeolites would have led .tp a shift of 
the pore sizes toward smaller values for Na-Y, Ag-Y and Pd-Y. Since the pore sizes of Na-Y, 
Y and Pd-Y were the same as the actual value fiwr Y zeolites;0.3nm), the htter explanation is 
not plausible. 
Separation factors 

The pure component adsorption data w^e first fitted by both D-A (Dubinin- 
Astakhov) and L-F (Langmuir-Freundlich) isotherms. The separation fectors of benzene over 
cyclbh^ame ware then obtained using the equivalent multi-component isotherms. In the D-A 
equatidii of pure component gas, the volume adsorbed, V, at relative pressures P/P. is expressed 

as .Svv 



(10) 



where 



C=— (11) 



Doong and Yang (Doong and Yang, 1988) extended the D-A equation to mixed-gas adsorption in 
a simple way by using the concept of maximimi available pore volume without any additional 
equations such as the Lewis relationship ^wis et al, 1950). For binary mixtures. 



f;-(f^oi-f^2)expHC.ln-f (12) 




^^2=(^o2-^i)exp|^^Qln^J J (13) 

Since equation (12) and (13) are linear, Vi and V2 can be obtained in a straightforward fiuihion. 
After the calculation of Vi and V2, volumetric adsorbed amounts were converted to molar 
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adsorbed amounts and the s^aiation &ctors were calculated. The conversion of molar adsorbed 
amount to volumetric adsorbed amount and vice versa was performed using the liquid density 
data of the adsorbates. The Uquid density at 120 and 180 ''C w^e obtained by the modified 
Kadcett equation by Spencer and Adler (Spencer and Adl^, 1978). The Uquid densities used in 
this work were 0.769 g/cc at 120 ''C and 0.689 g/cc at 180 C for benzene, and 0.679 g/cc at 120 
and 0.606 g/cc at 180 X &r cyclohexane. The adsorbed molar volumes were assumed to be 
the same in both single- and mixed-gas adsoiptioa 

For the Langmuir-Freundlich isotherm equation, pure component isotherm is 
written using three adjustable param^^^ 



g^JbzZ— (14) 



The L&F equation can also be e^ctended for n-component mixture (Yang, 1987): 

The fitting parameters for both isotherms are listed in Table 17 and the fitted 
curves are plotted in Figures 22 - 25. The separation &ctors of benzane over c/clohexane were 
calculated using the equiUbrium mole fi-actions in adsorbed and gas phases: 

'^cydahexane /*cydohexme 

The calculated separation fectors for Ag-Y and Na-Y are compared in Table 18. Both D- A and L- 
F equations led to similar dependence of separation fector on pressure. The separation fector for 
Ag-Y increased with decreasing concentration of benzene, while that for Na-Y at 180 
deoreased. Although the separation &ctors calculated by the two isotherms were not the same, 
the advantages of Ag-Y ov^ Na-Y are clearly seen, especially at lower concentrations of 
benzene. This is certainly because Ag-Y can maintain its adsorption ability to bmzene even at 
around 1x10"^ atnx On the other hand, at 0.01 and 0.001 atm of benzene and at the low^ 
temperature of 120°C, Na-Y showed equivalent separation fectors to Ag-Y. 
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For separations by adsorption and membranes, a separation &ctor of the order of 
10 is considered high. For example, in air separation by pressure swing adsorption using zeolites 
and also by polymeric membranes, systems with separation fectors (N2/O2 for adsorption and 
O2/N2 for mCTibianes) of near 10 are commercially used For aromatics/aliphatics separations 
using liquid monbranes (e.g., toluene/heptane and benzene/heptane separations), separation 
fectors of the order of 10-100 yielded excellent separations (Li, 1968; Li, 1971). The separation 
fectors shown in Table 18, in the order of 10-10,000, are excellent for separation/purification. 

Diffusion time constants 

In Table I9,%iffusion time constants calculated from 0 - 0.3 fractional uptake ^e 
summarized. Difiiision time constants of benzrae and cyclohejcane in Na-Y and Ag-Y were of the 
order of 10"^ 1/s. These values were ahndst the same as those of benzene and cyclohexane into 
AgNfOs monbliyer disjpersed SiOa sorbent (Takafaashi et aL). However, these values were an 
order of magfnitude lower than those of prof^lene and propane in AgNOa mdnolayer-dispersed 
Si02 sorbent (Rege, 1998) and at least the same as those of ethylene and ethane into Ag ion- 
exchanged resins (Wu et aj., 1997). The diffiision rates of benzene in these zeolites are high for 
applications (Yang, 1987). 
V Molecular Orbital Calculation 
Adsorption Bond Energy and Molecular Geometries 

Adsorption energy and structural geometry were calculated using molecular orbital 
theory. The calculated heat of adsorption using B3LYP/3-21G level by equation (1) is also 
compared with experimental and Monte Carlo simulation results in Table 16. The theoretical 
value, 17.2 kcal/mol, was in &irly good agreement vnth the experimental value. The comparison 
of bond length by benzene adsorption revealed that the Ag-0 letigth increased from 3. 023 A to 
3.246A. The C-C bond length in benzene also increased from 1.385A to 1.385-1.391 A. This trend 
was consistent with that for benzene interaction with AgCl (Takahashi et al,). 
Natural Bond Orbited (NBO) BesuUs 

The nature of benzene-Ag zeolite interaction can be better imd^stood by 
analyzing the NBO residts. The main feature of the interaction can be seen from the population 
changes in the vacant outer-shell s orbital of the silver and those in the d orbitals of silv^ upon 
adsorptioa In Table 20, NBO analysis results for benzene on Ag zeolite are compared with other 
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combinatioiis of adsorbates and adsorbents. According to fhe electron population changes by 
benzene adsorption on Ag zeolite, the trend is in agreement with previously reported trend of 
completion (Cheng, 1996; Huang et al, 1999a; 1999b; 1999c ; Takahashi et aL) Le., donation 
of eledroh'charges fi-om the p^orbitals of bmzme to the vacant s-orbital of the sih^o* (or donation) 
and, simultaneously, back donation of electron charges from the d*orbitals of silver to 7t^ orbital 
of benzene (drit* back donation). The contribution of d-ic* back donation is hrg^ than a 
donation, resulting in the decrease of net electron charge in silv^. Hie net electron charge of 
csurboh m benzene increased inistead 

^ The dififerences of electron population changes beivireeti benzene and ethyl^e 

adsorption deserve a discussion. From Table 20, it is seen that the contribution of a donation is 
predominant in ethylene adsorption, v^e d-Ti;* back donation is slightly larger in benzene 
adsorption Also, the ext:ent a donatioh and dru* bade donation by benzene adsorptioh'iim 
considerably smalkr conqpared with ethylene adsorption Therefore, 7c-coiiq)le?cation with benzene 
was weakear than that with ethylena Weak 7c-complexation of benzene can also be understood by 
i^rdifibrence in bond l^gtl^. The bond lenjgth between carbon in <^ 

2.66 A (Euang et al., 1999b), while that between carbon in benzene and silver in Ag zeolite or 
AgCl was 2.71-3.7 A or 3.22 A (Takahashi et aL), respectively. This longer bond length was 
caused by the less overlap of orbitals from the weaka: 7c-complexatioa ^ 
Monte Carlo Simulation 

Monte Carlo simulation of adsorption isotherms provides great insight into the 
adsorption mechanism via model construction, charge assignment and forcefield determination In 
this section, benzene adsorption on Na- Y, H-USY and Ag- Y is simulated and the mechanism of 
adsorption on each zeolite is discussed. 
Na-YzeoUte 

GCMC simulation results of benzene isotherms at 120 and ISO^C using the 
potential parameters given in Table 1 5 are shown in Figure 27, where they are also compared with 
experimental data. The simulation results w^e in excellent agreement with experimental data. The 
calculated heats of adsorption wwe 16.4 - 18.5 kcal/mol, which were in agreement with that from 
experiments. It was hence confirmed that the energy expressions and parameters were suitable for 
simulation of benzene isotherms on Na-Y. 
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H'USYzeoUte 

First, simulation of benzene isotherms on H-USY was attempted using the same 
potential parameters as on Na-Y. However, the simulated isotherms were considerably higher 
than the e:q)erimental data This disagreement was caused by incorrect well depth parameters, bq^ 
and 80.1^ for van der Waals interactioa Pellenq and Nidholson (Pellenq and Nicholson, 1993) 
reported the vahies of the polarizabilities of fiamework atoms in silicalite and ahmunosilicates 
determined from' Auger electron spectroscopy data. It was found that the polarizability for oxygen 
in zeoite framework is sensitive to the ratio of silicon to aluminum and also the nature of the 
extraframework cations. Watanabe et al (Watanabe et jlL, 1995) used difiGarent potential values 
for oxygen in silicalite (0.202 kcal/mo^, denoted by Oz(Si-O-S0, and that in aluminosilicates 
(0.334 kcal/mol), denoted by Oz(Si-OAl). 

In this work, an adjustmmt of 8Qz(si-o45i>c and 8qz(^-o^i>h was made to simulate the 
experimental Hmiy's law constants at 120 and 180 ""C. Here since low pressure data depend only 
on the benzene-zeolite interactions so the benzene-benzene interactions w^e neglected. Using 
the well depth paramet^ for ewa^ = 0.04187 kcal/mol and SNa-H = 0.03153 kcal/mol for Na-Y (in 
Table^l5)'and assuming 8Na = 0.041 kcal/mol as used by Watanabe ei ai (Watanabe et al, 1995) 
for Na-Aiand Na-X, 8c = 0.0428 kcal/mol and Sh = 0.0243 kcal/mol were obtained from the 
geometric combination rule, equation (9). Therefore, 8oz(si-o-si)-c and soz(si-o-si>-H for H-USY could 
be Kq)ressed as (0.0428 x 8oz(si-o^si))°'^ and as (0.0243 x Boz(^-c^if'^ , respectivefy. By fitting with 
Bom-o^ SQz(a-o^i) = 0.665 kcal/mol was obtained to fit the experimental Henry's law constant of 
0.519 molecules/(ceU.kPa) at 120 and 0.137 molecules/(cellkPa) at 180 '^C The ratio of 8oz(si- 
(ysi) over 8Qz(si-o-Ai) was 0.44 (calculated from 8Qz(si-o.Ai)-H ) - 0.60 (calculated from scktij^^Myc ), 
whidi was in agreement with the ratio of 0.60 obtained by Watanabe et aL (Watanabe et at, 
1995). 

Using the modified pammeters for H-USY (in Table 15), the b^izene isotherms 
were calculated and compared with experimental isotherms in Figure 28. Again, the isotherms and 
the heat of adsorption (8.2 - 9.2 kcal/mol) obtained from simulation were in excellent agreement 
with the experimental data. 
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Ag-YzwOie 

The potential parameters for Ag-Y are listed in Table 15. These parameters were 
modified to get the low pressure points of the isotherm at 180 (1.30 mmol/g at L6 x 10"* 
atmosphere), although adjustment of the parameters to fit the experimental Henry's law constant 
was preferable. The reason not to use the e?qperimental Henry's constant was that the small 
pressure values ( 8.7 x 10"^ atmosphere) at the lowest adsorbed amount in the isotibierms might 
lead to tiie large error of potential parameters. The procedure of adjustment vyas basically the 
same as in the caise for H-USY except for changuDg the 8Ag value instead of the aQz(si-o^ value. 8c 
- 0.0428 kcal/mol and 8h - 0.0^3 kcal/mol were obtained from the geometric combination rule^^n. 
equation (9). Then, 8Ag<; and 8Ag.H for Ag-Y could be estimated from (0.0428 x Ba^^^ and (0.0243 
X BAg)^*^, r^pectively. In Case I for Ag-Y, SAg became 14.3 kcal/mol, while 8Ag " 13.5 kcal/njol 
was obtained for Case II The larger well-depth parameter was needed for Case I to compensate : 
for the weaker Codbmbic intemction due to the smaller Ag cation charge. In both cases, the ZAg 
values used w^e more than 2 orders of magnitude greater than aig^, clearly indicating the stroqg 
interaction from 7t-conq)Iexatiqn. ^. 

Figure 29 shows the simulation results of benzene on Ag-Y for Case I and Case n. 
The differences between Case I and Case n were &irly small In both cases, the agreement with 
experimental isotherms was not as good as that for Na-Y and H-USY. However, they certainty 
followed the basic trend of the experimental isotherms. The calculated heat of adsorption was 
18.8 - 21.1 kcal/mol, which was higher than Na-Y and also in agreement with the experimental 
value. 

In all cases, not only Ag-Y but also Na-Y and H-USY, the simulated isotherms 
tended to be higher than the experimental isotherms in the lower pressure range with few 
exceptions, while the^r were lower in the higher pressure range. The higher simulation results at 
low pressures might be caused by the laiger values for the well-depth parameter between oxygen 
(zeolite) - carbon (benzene) interaction and oxygen (zeoUte) - hydrogen (benzene) interaction. 
The othsr possible cause was the imperfection of the zeolite crystals. Since zeolites contain 
defects while in Monte Carlo simulation perfect zeolite lattice was assumed. In the high pressure 
rang^ larger e?q)erimental values were possibly caused by adsorption between zeolite crystals. 
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Adsorption sites for benzene on Na- Y and Ag-Y were investigated using the Mass 
Cloud Plots function in Cerius2 (not shown here). It was confirmed that benzene was adsorbed 
preferentially near the SH cation sites and the center of the 12-ring window, which was consistent 
witfi the neutron diffiaction data for Na^Y obtained by Fitch (Fitch et aL, 1986). For Ag-Y, 
benzene was adsorbed sKghtly further away from the SE cation sites than that in Na- Y, due to the 
feet that the van der Waab radhis of Ag* is 30% larger than that of Na*. 
Notation 

A = repulsive parameter for Buddngham potential 

B = repulsivel^ameter for Buckingham potential or Langmuir constant 

C = dispersive parameter for Buckingham potential or contant for D-A equation 

D = dffiisivity 

E = energy 

n = constant . 

P = pressure 

q - point chsMTge or mokur adsorbed amount 
R =1 van der Waals radii or ^ constant 
r distance or radius 
T=ten^perature 
U = potential energy 

V = volumetric adsorbed amoimt 

X = equilibrium mole fraction in adsorbed phase 

Y = equilibrium mole fraction in gas phase 
Qreekletters 

a = polarizability or separation fector 
P - adjustable parameter 

8 — well depth paramet^ for Lennard^Tones potential 
a - distance parameter for Lennard- Jones potential 
Subscript 

i = atom site orcomponet 
j = atom site or component 
s = saturation 
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Table l5The Potential Parameters used for Na-Y, Ag-Y and H-USY 



Na-Y 






CC 


H-H 


C-H 




■ ■ .} . ...... 




A(kcal/mol) 


88371 


2861 


15901 








B (1/A) 


3.60 


3.74 


3.67 








C(A**kcal/mol) 


583.13 


32.60 


137.88 










OC 


0-H 


Na-C 


NaH 






s (kcal/mol) 


0.25547 


0.16515 


0.04187 


0.03153 






a(Ki 


2.9984 


2.5893 


3.3279 


2.7651 


Ag-Y 






. 0-C 


0-H 


Ag-C 


Ag-H 


(Casel) 


• i ■■ 


e (kcal/mol) 


.0.25547 


0.16515 


0.7823 


0JSa95 






ct{A) 


2.9984 


2.5893 


3.577Z 


3.0145 


Ag-Y 


Uaz 




0-0 


O-H 


Ag-C 


Ag-H 


(Case 11) 




8 (kcal/mol) 


0.25547 


0.16515 


0.7601 


0£728 






a (A) 


2.9984 


2.5893 




3.0145 


HUSY 




s (kcal/mol) 


0-C 
O.I<87 

2.9984 


0-H 
0.1271 

2.5893 







1) Parameters for U aa are the same for all sorbents. 

2) The numbers with underline were determined in this work. 
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Table /6 Comparison of Heat of Adsorption (kcal/mol). 
between Biperimentai and Simulated Results 



Na-Y Ag-Y H-USY 



l)Barthomeuf and Ha, 1973 



Benzene Experimental 17.7-18.2 20.5-20.7 6.2-7.2 

Monte Cairo Simulation 16.4-18.5 18.8-21.1 8.2-9.2 

Molecular Orbital Calculation *** 17.2 *** 

. Barthomeufetal. ^> 17.5-18.0 *** *** 

Cyclohexane Experimental 10.9-13.0 12.1-12.3 4.1-4.3 

Barthomeufetal. 12.0-13.2 *** 
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Table J7 Parameters for the D-A and L-F Equations 











D-A Equation 






L-F Equation 




Adsorbent 


Adsorbate 


Temp. CC) 




c 


n 


Ps 


% 


B 


n 








(cc/a) 




(') 


^atm) 


fmmol/fif) 


ri/atm^ 


M 


Na-Y 


Benzene 


120 


0.295 


0.092 


3.76 


2.96 


3.15 


30.7 


2.53 




Benzene 


180 


0.326 


0.120 


4.73 


10.07 


2.82 


449 


0.9 




C^clohexane 


120 


0.267 


0.149 


5.01 


2.84 


2.58 


51.2 


1.18 




Cyclohexane 


180 


0.264 


0.1 bo 


C A A 

0.44 


9.48 


2.30 


61.9 


0.77 


Ag-Y 


Benzene 


120 


0^244 


0.056 


1.57 


2.96 


3,07 


3.67 


7.46 




Benzerfe ^ 


180 


0.248 


0.082 


3.05 


10.07 


2.03 


156 






Cyclohexane 


120 


0.225 


0.133 


4.32 


2.84 


2.02 


48.4 


1.44 






180 


0 237 


0.145 


4.96 


9.48 


1.80 


74,3 " 


0.91 


H-USY 


Benzene 


120 


0.237 


0.318 


2.84 


2.96 


3.40 


- 11.2 


0.62 




Benzene 


180 


0^34 


0.333 


2.17 


10.07 


3.40 


1.11 


0.74 




Qrclohexane 


120 


0.249 


0.265 


5.85 


2.84 


1.33 


2500000 


0.2 




C^lohexane 


180 


0.15 


0.232 


4.93 


9.48 


0.73 


260 


0.39 


Pd-Y 


Benzene 


120 


0.173 


0.237 


2.15 


2.96 


0.883 


240 


0.7 




Cyclohexane 


120 


0.16 


0.317 


1.34 


2.84 


0.753 


9.22 


1.2 
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Table Separation Factors estimated by the D-A and L&F Equations 
1% - 



Pressure (atm) 




D-A Equation 


L-F Equation 


Benzene Cvclohexane 


Temo. f'C^ 


Ak-Y 


Na-Y 


Ae-Y 


Na-Y 


0.01 1 


• 120 


107 


*** 


6 


12 


0.001 1 


120 


416 


441 


45 


48 


0.0001 1 


120 


2286 


1016 


335 


191 


O.OOOdl 1 


120 


14361 


2553 


2462 


767 


0.01 1 


180 


39 


95 


19 , 


5.4 


■ km ' ■ 

O.Odl 1 ^ 


180 


120 


71 


57''" 


4.2 


0.0001 1 


180 


456 


26 


163 


3.3 


0.00001 1 


180 


1767 


0.5 


470 


2.6 
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Table Diffusion Time Constants of Benzene and Cyclohexane 



MQoOiDenis 




Rpn7AiiA /PrpfiRtim Channfi^ 

DCIIivVllv ^rlGOOUlO WllCUI^Jwy 




/Pressure Channel 






(1/s) (atm) 


(1/8) 


(atm) 


Na-T 








M 1 irf 0"^— >2 Oyl 0*^ 


Ag-Y 


120 


4J2x10 (5.4x1 0^->2.ex1 0 


1 ,1x10 


(1 .1x10^->z.0x10T 


AgN(VSiQ2(0.33g/g) ^> 


120 


1.3x10^ (2.(l>t1ff*-->3.7)(10"^ 


2.9x10-* 


(2.0x1 (r»->3.7it10-^ 


Adsorbents 


Temp. 


ropylene (Pressure Change) 


Propane 


(Pressure Ctange) 




(X) 


(1/s) (atm) 


(1/8) 


(atm) 


AgNQ3/SiQ2(0.a3g/g) ^> 


70 


3.5x1 0-» (0-^% 






. ^AgnAmberly8t-35 ^ 


70 


1.5x10^ — 


1.4X10-* 


*** 



1) Talcahashletal.,2000 

2) Regeetal., 1998 

3) Wtietal.,1997 
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Table Summaiy of the NBO Analysis of then-complexation: 
Electron PopulaUon Changes of Each Orbital after Adsorption 





5S _ 


Silver 


NetChanae 


2s 


Carbon 
£2p 


etChanae 


enzeneonAgZeolitB 


B3LYPA3-21G 


0.00541 


-0.0135 


-0.00805 


0.00554 


0.00709 


0.01263 


Benzene on AgCI^ 


B3LYP/LanL2DZ 


0.0033 


-0.0071 


. -0.0038 






•** 


C2H4 0hAgZeoGtB ^ 


MP2/3-21G 


0.0596 


-0:0177 


0.0419 


0.0203 


0.0193 


0.0396 


C2H4on AgCI^ 


MP2/3-21G 


OT4^04 


-0.0470 


0.0734 


0.0226 


0.0142 


0.0368 


C2H4 on AgCI ^ 


B3LYP/LanL2DZ 




-0.055 


01006 


«** 




*** 



1) TakahasHetal.,2000 

2) Chen and Yang, 1 996 

3) Huang etaU 1999 
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EXAMPLES OF SOME SUITABLE ADSORBENTS 

A brief description of some non-limitative examples of adsorf)ents 
which may successfiilly be used in the present invention follows. Detailed 
descriptions may be found in U.S. Patent No. 6,423,881, and in U.S. Patent No. 
6^15,037, each of which applications is incorporated herein by reference in its 
entirely. 

The adsorbent comprises a carrier having a sur&ce area, the carrier 
haviiig dispersed thereon a monolayer of a d-block transition metal compound, eg. a 
silver compound. The silver compound releasably retains the thiopheties; and the 
dEQiier comprises a plurality of pores ha^dng a pore size greater than the effective 
truife^ar dimeter of the thiophen|es. 

It is to be understood that any suitable carrier may be used. However, 
in a preferred embodiment, the carrier has a BET sur&ce area greater than dboat 50 
square meters per gram and up to about 2,000 square meters per gram, and comprises; 
ai^liiralily of pores having a pore size greater than about 3 angstroms and up to about 
10 microns. In a more preferred embodiment, the carrier is a high surface area 
support selected jfrom the group consisting of refractory inorganic oxide, molecular 
sieve, activated carbon, and mixtures thereof Still more preferred, the carrier is a 
refractory inorganic oxide selected from the group consisting of pillared clay, 
lamina and silica. 

It is also to be understood that any suitable silver compound may be 
used. However, in a preferred embodiment, the silver compound is a silver Q) 
halide. In a more preferred embodiment, the silver compound is a silver salt, and the 
salt is selected from the group consisting of acetate, benzoate, bromate, chlorate, 
{fifirchlomte, chlorite, citmte, fluoride, nitrate, nitrite, sul&te, and mixtures tiiereof 

In one exemplary embodiment of this embodiment of tiie present 
invention, the silver compound is silver nitmte (AgNOs) and the carrier is silica 

(Si02). 

The method of the present invention may further comprise the step of 
dflanging at least one of the pressure and temperature to thereby release the 
thiophenes-rich component from the adsorbent. It is to be understood that the 
pressures and temperatures used may be within a suitable range. However, in the 
preferred embodiment, the selected pressure of preferential adsorption is a first 
pressure, and the pressure of release is a second pressure less than the first pressure. 
lB6a more preferred embodiment, the first pressure is in a range of about 1 
atmosphere to about 35 atmospheres, and the second pressure is in a range of about 
0.01 atm to about 5 atm. 
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In the preferred embodiment, the selected temperature of preferential 
adsorption is a first temperature, and the temperature of release is a second 
temperature greater than the first temperature. In a more preferred embodiment, the 
first temperature is in a range of about O^^C to about 50°C, and the second 
tesnperature is m a range of about TO^'C to about 200 ""C. 

Without being bound to any theory, it is believed that the retaimng of 
the thiophenes is accomplished by formation of tc -complexation bonds between the 
silver compound and the thiophenes. Separation by tc -complexation is a subgroup of 
chemical complexation where the mbcture is contacted with a second phase, which 
contains a complexing agent. The advantage of chemical complexation is that the 
bonds formed are stronger than those by van der Waals folrces alone, so it is possible 
to achieve high selectivity and high capacity for the component to be bound. At the 
same time, the bonds are still weak enough to be broken by usmg sinq>le engineering 
opeiutioiis sudi as raising the temperature or decrea^g the pressure. 
15 The 7c -compilation generally pertains to the main group (or d-bl6ck) 

transition metals, that is, firom Sc to Cu, Y to Ag, and La to Au in the periodic table. 
These nietals or their ions can form the normal a bond to carbon and, in addition, the 
unique characteristics of the d orbitals in these metals or ions can form bonds with ^ 
the unsaturated hydrocarbons (olefins) in a nonclassic manner. This type of bonding 
iadjroadly referred to as tc -complexation, and has been considered for gaseous 
hydrocarbon separation and purification using cumbersome liquid solutions. 

A fiirther example of an adsorbent comprises an ion-exchanged 
zeolite selected firom the group consisting of zeolite X, zeolite Y, zeolite LSX, and 
mixtures thereof the zeolite havmg exchangeable cationic sites, and at least some of 
Ite sites have a d-block transition metal cation, eg. silver cation or copper cation, 
present. In the more preferred embodiment, the cationic sites of the ion-exchanged 
zeolite contain silver cation. In a fiirther preferred embodiment, essentially all 
cationic sites of the ion-exchanged zeolite contain the silver cation. 

Without being bound to any theory, it is believed that the preferential 
atteorption occurs by 7c-complexation. 

Figs. 30-32 are graphs depicting fiuther breakthrough curves. 

While preferred embodiments of the invention have been described in 
detail, it will be ^parent to those skilled in the art that the disclosed embodiments 
may be modified. Therefore, the foregoing description is to be considered exemplary 
laoher than limiting, and the true scope of the invention is that defined in the 
following claims. 
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What is claimed is: 

1 . A process for removing thiophene and thiophene compounds from liquid 
fuel, the method comprising the step of: 

contacting the liquid fuel with an adsorbent which preferentially adsorbs the 
iMophene and tfiiophene compounds, at a selected temperature and pressure, thereby 
producing a non-adsoibed component and a thiophene/thiophene compound-rich 
adsorbed component, wherein the adsoibent comprises an ion-exchanged zeolite 
selected fiom the group consisting of zeolite X, zeolite Y, zeolite LSX^ and mixtures 
thereoi^ the zeolite having exchangeable cationic sites, and at least some of tiiesites 
haD^ng d-'block transition metal cation present, and wherein tiie preferential 
adsorption occurs by 7c-comple^on. 

2. A process for removing tMophene and thiophene compounds fix>m|iqm^ 
ifittl, the method comprisi 

contacting the liquid fixel with an adsorbent which preferentially adsori^s the 
thiophene and thiophene compounds, at a selected temperature and pressure, thereby 
^ producing a non-adsorbed component and a thiophene/thiophene compound-rich 
adsorbed component; the adsorbent comprising a carrier having a surface area, the 
caarrier having a monolayer of a d-block transition metal compound dispersed on 
substantially tiie entire surface area, the metal compound releasably retaining the 
fliidphene/thiophene compounds; and the carrier comprising a plurality of pores 
having a pore size greater than the effective molecular diameter of the 
thiophene/thiophene compounds; and 

25 changing at least one of the pressure and temperature to thereby release the 
thiophene/thiophene compound-rich component fiom the adsorbent 

3. The process as defined in claim 1 wherein at 10"^ atm, the adsorbent 
adsorbs more than 1 mmol/gram of thiophene. 

30 

4. The process as defined in claim 2 wherein at 10"^ atm, the adsorbent 
adsorbs more than 1 mmol/gram of thiophene, 

5. A process for removing aromatic compounds from liquid fuel, the method 
Otanprising the step of 

contacting the liquid fixel with an adsori)ent which preferentially adsorbs the 
aromatic compounds, at a selected temperature and pressure, thereby producing a 
non-adsorbed component and an aromatic compound-rich adsorbed component. 
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wherein the adsorbent comprises an ion-exchanged zeolite selected from the group 
consisting of zeolite X, zeolite Y, zeolite LSX, and mixtures thereof the zeolite 
having exchangeable cationic sites, and at least some of Ae sites having d-block 
transition metal cation preseni, and wherein the preferential adsorption occurs by ic- 
c(anplexation. 

6. A process for removing aromatic compounds from liquid fiiel, the method 
comprising the steps of: 

1 0 contacting the liquid fiiel with an adsoibent lAdiich preferentially adsorbs the 
aromatic compoim^s, at a selected temperature and pressure, thereby producing a 
non-adsorbed component and an aromatic compound-rich adsorbed component; the 
adsorbent comprising a carrier having a surface area, the carrier having a monolayer 
of a d"block transition metal compound dispersed on substantially the entire surface 
aiaa, the metal compound releasably retaining the aromatic compounds; and the 
carrier comprising a plurality of pores having a pore size greater than the eflfective 
molecular diameter of the aromatic compounds; and 

changing at least one of the pressure and temperature to thereby release the 
aromatic compound-rich component from the adsoibent. 

20 
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